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(54) IMonoiithlc filters utilizing thin film bulk acoustic wave devices and minimum passive 
components for controlling the shape and width of a passband response 



(57) There is provided a Multi-pole Bulk Acoustic 
Wave Resonator-Stacked Crystal Filter (Multi-pole 
BAWR-SCF) filtering circuit or device. In one embodi- 
ment the Multi-pole BAWR-SCF circuit comprises a first 
pair of ports, a second pair of ports, a first lead that is 
coupled between a first and a second one of the first 
pair of ports, and a second lead that is coupled between 
a first and a second one of the second pair of ports. The 
Multi-pole BAWR-SCF circuit also comprises at least 
one BAW resonator that is coupled in series in the first 
lead, and at least one Stacked Crystal Filter (SCF). The 
SCF has first and second terminals that are coupled in 
the first lead, and a tN'rd terminal that is coupled in the 
second lead. The Multi-pole BAWR-SCF circuit further 
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comprises a plurality of impedance inverting elements 
and at least one inductive element. Each indivkiual one 
of the impedance inverting elements is coupled across 
the first and second leads, and the at least one inductive 
element is ccHjpled in parallel with the at least one BAW 
resonator. The Multi-pole BAWR-SCF circuit yields 
improved frequency response characteristics relative to 
those that are typically yielded by at least some conven- 
tional multiisole filters, and Includes a reduced number 
of passive components relative to the number of such 
components included in at least some conventional 
multi-pole filters. 
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Description 

[0001 ] This invention relates to fitters and. in particular, this invention relates to filters that include Bulk Acoustic Wave 
(BAW) resonators. Stacked Crystal Fitter (SCF) devices, and passive components for oontrolting fitter passband char- 
5 acteristics. 

[0002] K is known to fabricate monolithic fitters that include Bulk Acoustic Wave (BAW) resonator devices (also known 
in the art as Thin Film Bulk Acoustic W^e Resonators (FBARs)"). Presently, there are primarily two known types of 
Bulk Acoustic Wave devices, namely. BAW resonators and Stacked Crystal Filters (SCFs). One difference between 
BAW resonators and SCFs is the number of layers that are included in the structures of the respective devices. By 

10 example. BAW resonators typically include two electrodes and a single piezoelectric layer that is disposed between the 
two electrodes. One or more membrane layers may also be employed between the piezoelectric layer and a substrate 
of the respective devices. SCF devices, in contrast, typically include two piezoelectric layers and three electrodes. In 
the SCF devices, a first one of the two piezoelectric layers is disposed between a first, lower one of the three electrodes 
and a second, middle one of the three electrodes, and a second one of the piezoelectric layers is disposed between the 

IS middle electrode and a third, upper one of the three electrodes. The middle electrode is generally used as a grounding 
electrode. 

[0003] BAW resonators yield parallel and series resonances at frequencies that differ by an amount that is a function 
of a piezoelectric coefficient of piezoelectric materials used to construct the devices (in addition to other factors, includ- 
ing the types of layers and other materials employed within the devices). By example, for a BAW resonator wherein 

20 there is a large ratio between a thickness of a membrane layer of the resonator to a thickness of a piezoelectric layer of 
the resonator, the frequency differential between the parallel and series resonances of the resonator is small. For BAW 
resonators that include electrodes and a piezoelectric layer, but which do not include membrane layers, the frequency 
differential between the series and parallel resonances of the devices is large. Also, the frequency differentia! between 
the series and parallel resonances of a BAW resonator is dependent on the operating frequency being employed. For 

25 example, if there is a frequency differential of 30Mt-tz between parallel and series resonances of a resonator that is 
being operated at 1GHz, then there would be a 60I^Hz frequency differential between these resonances while the res- 
onator is being operated at 2GHz (assuming the relative thicknesses of the resonator layers are the same in each 
case). 

[0004] BAW resonators are often employed in bandpass filters having various topologies. By example, filters that 

30 include BAW resonators are often constructed to have ladder topologies. For the purposes of this description, ladder 
filters that are constructed primarily of BAW resonators are also refen^ed to as "BAW ladder filters". The design of ladder 
filters Is described in a publication entitled "Thin Film Bulk Acoustic Wave Filters for GPS", by K.M. Lakin et at. (Lakin), 
IEEE Ultrasonic Symposium, 1992. pp. 471 -476. As is described in this publication, BAW ladder filters are typically con- 
structed so that one or more BAW resonators are series-connected within the filters and one or more BAW resonators 

35 are shunt-connected witiiin tiie fitters. An exemplary BAW ladder fitter 41 that includes two BAW resonators 42 and 43 
is shown in Fig. 8d. Another exemplary (single) BAW ladder filter 44 that includes two series-connected BAW resona- 
tors 43 and 45 and two shunt-connected BAW resonators 42 and 46 is shown in Fig. 8f . An equivalent circuit of the BAW 
ladder filter 44 is shown in Fig. 8h. Still another exemplary BAW ladder filter 47 is shown in Rg. 81. This filter 47 has a 
"t>alanced" topology, and is similar to the filter 44 of Rg. 8f, but also includes a BAW resonator 48 and a BAW resonator 

40 49. An equivalent circuit of this filter 47 is shown in Fig. 8j. 

[0005] BAW ladder filters are typically designed so that the series-connected resonators (also referred to as "series 
resonators") yieM a series resonance at a frequency that is approximately equal to. or near, the desired (i.e., "design") 
center frequency of the respective filters. Similarly, the BAW ladder fitters are designed so tiiat the shunt-connected res- 
onators (also referred to as "shunt resonators" or "parallel resonators") yietei a parallel resonance at a frequency that is 

45 approximately equal to, or near, the desired center frequency of tiie respective filters. 

[0006] BAW ladder filters yiekJ passbands having bandwidths that are a function of. for example, the types of materials 
used to fbrm the piezoelectrk: layers of the BAW resonators, and the respective tiiicknesses of the layer stacks of the 
BAW resonators. Typically, the series-connected BAW resonators of BAW ladder filters are fabricated to have thinner 
layer stacks than tiie shunt-connected resonators of tiie filters. As a result, the series and parallel resonances yielded 

50 by the series-connected BAW resonators occur at somewhat higher frequencies than the series and parallel resonant 
frequencies yielded by the shunt-connected BAW resonators (although the series resonance of each series-connected 
BAW resonator still occurs at a frequency that is near the desired filter center frequency on the frequency spectrum). In 
a BAW ladder filter, the parallel resonances yielded by the series-connected BAW resonators cause the filter to exhibit 
a notch atxsve the upper edge or skirt of the filter's passband. and the series resonances yielded by the shunt-coh- 

55 nected BAW resonators cause the fitter to exhibit a notch below the lower edge of the filter's passband. These notches 
have "depths" that are a function of acoustic and electric losses of tiie series-connected and shunt-connected BAW res- 
onators (i.e., the notch depths are a function of quality factors of tiie shunt and series BAW resonators). 
[0007] The difference in the thicknesses of the layer stacks of the series-connected and shunt-connected BAW reso- 
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nators can be achieved during the fabrication of the devices. By escample, in a case in which the BAW resonators 
include one or more membrane layers, an additional layer of suitable material and thickness may be added to the mem- 
brane layers of the shunt-connected devices during fabrication so that, after the devices are completely fabricated, the 
shunt-connected devices wilt have thicker layer stacks than the series-connected resonators. As another exanrple, the 

5 series resonators can be fabricated to have thinner piezoelectric layers than the shunt resonators, and/or the thick- 
nesses of the upper electrodes of the series resonators can be reduced by a selected amount using a suitable tech- 
nique, after the deposition of the upper electrode layers. These steps require the use of masking layers. Being that a 
parallel resonance yielded by a series-connected BAW resonator of a BAW ladder fitter causes the filter to exhibit a 
notch above the upper edge or skirt of the filter's passband, and the series resonance yielded by a shunt-connected 

10 BAW resonator of the BAW ladder filter causes the filter to exhibit a notch below the lower edge of the filter's passband, 
it can be appreciated that the maximum achievable bandwidth of the filter is defined by the frequency differential 
between the parallel resonant frequency of the series-connected resonator and the series resonant frequency of the 
shunt-connected resonator. By example, consider a BAW ladder filter that includes a series-connected BAW resonator 
and a shunt-connected BAW resonator. The series-connected BAW resonator is assumed to have a series resonant 

IS frequency of 947 MHz and a parallel resonant frequency of 980 MHz, and the shunt-connected BAW resonator Is 
assumed to have a parallel resonant frequency of 947 MHz and a series resonant frequency of 914MHz. In this exam- 
ple, the bandwidth of the BAW ladder filter is defined by the difference between frequencies 980MHz and 914MHz. 
[0008] The performance of BAW ladder fitters may be further urtderstood in view of the lumped element equivalent 
circuit of a BAW resonator shown in Fig. 4b, The equivalent circuit includes an equivalent inductance (Lm), an equiva- 

20 lent capacitance (Cm), and an equivalent resistance (R), that are connected in series, and a parallel parasitic capaci- 
tance (Co). The series resonance of the BAW resonator is caused by the equivalent inductance (Lm) and the equivalent 
capacitance (Cm). At the series resonant frequency of the BAW resonator, the impedance of the BAW resonator is low 
(i.e., in an ideal case, where there are no losses in the device, the BAW resonator functions like a short circuit). At fre- 
quencies that are lower than this series resonant frequency, the impedance of the BAW resonator is capacitive. At fre- 

25 quendes that are higher than the series resonant frequency of the BAW resonator, but which are lower than the parallel 
resonant frequency of the device (the parallel resonance results from equivalent capacitance (Cq)), the impedance of 
the BAW resonator is inductive. Also, at higher frequencies than the parallel resonant frequency of the BAW resonator, 
the impedance of the device is again capacitive. and. at the parallel resonant frequency of the device, the impedance 
of the BAW resonator is high (i.e.. in an ideal case the impedance is infinite and the device resembles an open circuit 

30 at the parallel resonant frequency). 

[0009] For an exemplary case In wfiich two BAW resonators (e.g. , a shunt BAW resonator and a series BAW resona- 
tor) having equivalent circuits similar to the one shown in Rg. 4b are employed in a BAW ladder filter, a lowest resonant 
frequency of the filter is one at which the series resonance of the shunt BAW resonator occurs. At this frequency, an 
Input of the BAW ladder fitter is effectively shorted to ground, and thus a frequency response of the BAW ladder fitter 

35 exhibits a deep notch below the passband of the filter. The next highest resonant frequencies of the BAW ladder filter 
are the series resonant frequency of the series BAW resonator and the parallel resonant frequency of the shunt BAW 
resonator. These resonant frequencies are within the passband frequencies of the BAW ladder filter, and are located at 
or near the desired center frequency of the BAW ladder filter on the frequency spectrum. At the parallel resonant fre- 
quency of the shunt BAW resonator, the shunt BAW resonator behaves like an open circuit, and at the series resonant 

40 frequency of the series BAW resonator, the series BAW resonator behaves like a short circuit (and thus provides a low- 
loss connection between input and output ports of the BAW ladder filter). As a result, for a case in which a signal having 
a frequency that is approximately equal to the center frequency of the BAW ladder filter is applied to the input of the 
BAW ladder filter, the signal experiences minimum insertion loss (i.e.. it encounters low losses) as it traverses the filter 
circuit between the filter's input and output. 

45 [0010] A highest resonant frequency of the BAW ladder fitter is one at which the series-connected BAW resonator 
yields a parallel resonance. At this frequency, the series BAW resonator behaves like an open circuit and the shunt 
BAW resonator behaves like a capacitor. As a result the filter's Input and output are effectively de-coupled from one 
another, and the frequency response of the filter includes a deep notch above the filter's passband. 
[0011] The frequency response of a BAW ladder filter that includes no tuning elements typMcally has deep notches 

50 and steeply-sloped upper and lower passband edges (i.e.. skirts). Unfortunately, however, these types of ladder filters 
tend to provide poor stopband attenuation (i.e., out-of-band rejection) characteristics. An example of a measured fre- 
quency response of a BAW ladder filter (such as filter 44a of Fig. 8f) that exhibits deep notches, steeply-sloped pass- 
band edges, and poor stopband attenuation, and which includes four BAW resonators and no tuning elements, is shown 
in Fig. 9. 

55 [0012] Another exemplary frequency response is shown in Fig. 8e. for the BAW ladder filter 41 of Rg. 8d. The BAW 
ladder fitter 41 yields the frequency response of Fig. 8e assuming that 1) the resonators 43 and 42 include the layers 
listed in respective Tables 1 and 2 below. 2) the layers of resonators 43 and 42 have thicknesses and include the mate- 
rials listed in respective Te&Aes 1 and 2. 3) the filter 41 is connected between 50 Ohm terminals, and 4) the filter 41 
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TABLE 1 TABLE 2 



■ 


SERIES BAW RESONATOR 


SHUNT BAW RESONATOR 






(43.45) 




(42. 46) 






■ 


Layer 




Layer 






10 


Upper electrode: Molytxienum 
(Mo) 


308 nm 


Upper electrode- 
Molybdenum (Mo) 


308 nm 


15 


Piezoelectric 
layer 
1 Zinc-oxide (ZnO) 


2147 nm 


Piezoelectric layer 
Zinc-oxide (ZnO) 


2147 nm 




Lower electrode* Molyt>denum 
(MO) 


308 nm 


Lower electrode* 
Molybdenum (Mo) 


308 nm 


20 


first membrane layer 
1 silicon-dioxide (Si02) 


90 nm 


first membrane layer 

(SiOa) 


90 nm 






second membrane layer 

(SiOj) 


270 nm 




area of upper electrode 


225 um 


area of upper electrode 


352 um 




25 




*225um 




•352um 





30 [0013] As can be appreciated in view of Tables 1 and 2, the BAW resonator 42 includes two membrane layers, and 
the BAW resonator 43 includes only a single membrane layer. The employment of two membrane layers in the resona- 
tor 42 causes the resonant frequencies yielded by the resonator 42 to be lower than those yielded by the series-con- 
nected resonator 43, as was described above. 

[0014] The level of stopband attenuation provided by a BAW ladder filter can be Increased by including additional 
35 BAW resonators in the filter and/or by constructing the fitter so that the ratio of the areas of the filter's parallel-connected 
BAW resonators to the areas of the filter's series-connected BAW resonators is increased. Fig. 8g shows an exemplary 
''simulated" frequency response of the filter 44 (which includes a greater number of resonators than the fitter 41), 
assuming that 1) the resonators 43 and 45 include the layers having the thicknesses and materials listed in Table 1 . 2) 
the resonators 42 and 46 include the layers having the thicknesses and materials listed in Table 2. and 3) the filter 44 
40 includes no tuning elements. 

[0015] As can be appreciated in view of Figs. Be and 8g, the degree of attenuation provided by the filter 44 at out-of- 
band frequencies is improved somewhat over the attenuation level provided by the filter 41 that Includes only two BAW 
resonators. Unfortunately, however, the employmerrt of additional BAW resonators in a filter increases the fitter's overall 
size and can cause an undesirable increase in the level of insertion toss of the filter. This is also true in cases in which 
45 the filter's parallel-connected BAW resonators are fabricated to have larger areas than the series-resonators. Moreover, 
even if such measures are taken in an attempt to improve the filter's passband response, the level of stopband attenu- 
ation provided by the filter may be insufficient for certain applications. 

[0016] As shown in Figs. 8e and 8g, the center frequencies of the passbands of respective filters 41 and 44 are 
located at about 947.5 MHz on the frequency spectrum, and the minimum passband bandwidth yielded by each of the 
50 filters 41 and 44 is approximately 25 MHz. As can be appreciated by those having skill in the art, these frequency 
response characteristics are required of filters that are employed in GSM receivers. 

[0017] Another type of filter in which BAW resonators are often employed is the multi-pole filter. Multi-pole filters typ- 
ically comprise either series-connected BAW resonators or parallel-connected BAW resonators, although other suitable 
types of resonators may also be employed such as. for example, discrete component resonators or quartz crystal res- 
55 onators. Multi-pole filters that include series-connected resonators typically include passive elements, in particular, 
impedance inverting elements, coupled between adjacent resonators. Conversely, multi-pole filters that include parallel- 
connected resonators often include admittance inverting elements coupled between adjacent resonators. 
[0018] An impedance inverting element transforms a terminating impedance of a circuit to an impedance Za, 
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where: 




and where K represents an inversion parameter for the impedance inverting element. 

[0019] An admittcmce inverting element transforms a terminating conductance Y^) of a circuit to a conductance Yg, 
where: 




and where J represents an inversion parameter for the admittance inverting element 

[0020] In microwave circuits, various components may be employed as impedance inverting elements. By example, 
a simple impedance inverting element can be realized by employing a quarter wavelength of transmission line (at a 
center frequency of the transmission line). For this device, the characteristic impedance of the transmission line is the 
inversion parameter of the device. 

[0021] In a publication entitled "Recent Advances in Monolithic Film Resonator Technology". Ultrasonic Symposium. 
1986. pp. 365-369, by M.M. Driscoll et al. (Driscoll). a disclosure is made of a multi-pole filter that Includes BAW reso- 
nators connected in a series configuration and a number of impedance Inverting elements, in particular, inductors, that 
are each connected between ground and a respective node located between a respective pair of the BAW resonators. 
[0022] An example of a multi-pole filter 52 is shown in Fig. 10a. The filter 52 comprises resonators XI . X2. and X3, 
and impedance inverting circuits 51a-51d. The resonators X1 . X2, and X3 have respective impedances represented by 
Xi(co), X2(o)), and X^ioy), where Xj(G>) = ©L j- VcdC j , Lj represents an equivalent inductance of the respective resona- 
tor. Cj represents an equivalent capacitance of the respective resonator, and where represents an equivalent induct- 
ance of the respective resonator. Cj represents an equivalent capacitance of the respective resonator, and a>=2nf . The 
filter 52 also has terminating impedances represented by R^ and 

[0023] The impedance inversion parameter of the impedance inverting circuit 51a is equal to Kqi* where Kqi is rep- 
resented by equation (1): 



[0024] The impedance inversion parameters of the impedance inverting circuits 51b and 51c are each equal to ^^•\, 
where Kjj+i is represented by equation (2): 




(J) 




(2) 



[0025] Similarly, the impedance inversion parameter of the impedance inverting circuit 51d is equal to Kn,n+i* where 
is represented by equation (3): 
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[0026] In each of the above equations (1 -3), the variable (Rsp) defines a reactance slope parameter of an individual 
resonator X1. X2, and X3. By exanple, a reactance slope parameter (Rsp)j of a resonator may be represented by 
equation (4): 



[0027] In the foregoing equations (1 -4). the term m represents an angular frequency variable, the term coq represents 
a particular angular frequency, the term w 1 represents a fractional bandwidth, the terms Qn. gn+i* doi Si* Qj* ^ Sj+i 
represent normalized capacitance or inductance values of the impedance inverting circuits 51a-51d of the filter 52, 
IS and Rb represent terminating impedances of the filter 52, and the term 



is a reactant slope of a resonator (i.e.. a derivative of the impedance of the resonator at a center frequency of the res- 
onator (a»oSs2nf o )) relative to frequency G>s:27cf . 

[0028] The impedance inverting circuits 51a-51a may each include impedance inverting elements that are similar to 
those included in, for example, circuits 53 and 54 of Figs. 11a and 1 1b, respectively. That is, each of the impedance 

25 inverting circuits 51a-51d may comprise inductors L1-L3, such as those shown in Fig. 1 la, or capacitors C1-C3, such 
as those shown in Fig. lib. In the circuit 53 of Fig. 11a, each of the inductors L1-L3 preferably has a same (absolute) 
inductance value, although the inductance values (represented by -L) of each series inductor LI and L2 are preferably 
negative, whereas the inductance value of shunt inductor L3 is preferably positive (represented by +L). Also, where 
more than a single one of the circuits 53 is employed in a filter, the inductance values of the inductors LI -L3 of one of 

30 the circuits 53 may be different than those of the inductors L1-L3 of other ones of the circuits 53 included in the filter. 
Inductance values (L) for inductors L1 -L3 may be calculated using the formula K s oL , where K represents an imped- 
ance inversion parameter for the circuit 53. 

[0029] In the circuit 54 of Fig. 11b, each of the capacitors C1-C3 preferably has a same (absolute) capacitance value, 
although the capacitance values (represented by -C) of each series capacitor CI and C2 are preferably negative, 

35 whereas the capacitance value of shunt capacitor C3 is preferably positive (represented by +C). Also, where more than 
a single one of the circuits 54 is employed in a filter, the capacitance values of the capacitors CI -C3 of one of the circuits 
54 may be different than those of the capacitors CI -C3 of other ones of the circuits 54 included in the filter. Capacitance 
values (C) for capacitors CI -C3 may be calculated using the formula K1 = l/a>C , where K1 represents an impedance 
inversion parameter for the drcurt 54. 

40 [0030] In cases where the circuit 53 is employed within the impedance inverting circuits 51 a-51d of the multi-pole fitter 
52 of Fig. 10a. the circuit 52 operates as if the inductors LI and L2 (which have negative inductance values (-L)) are 
effectively "included" in the resonators XI -X3. For cases in which the circuit 54 is employed within each of the imped- 
ance inverting circuits 51a-51d of the fitter 52, the circuit 52 operates as if the capacitors CI and C3 (which have neg- 
ative capacitive values (-C)) are effectively "included" in the resonators XI -X3. The "effective inclusion" of inductors or 

45 capacitors in resonators of a multi-pole filter will be further described below, with respect to the discussion of a multi- 
pole filter 52* shown in Fig. 10b. 

[0031] Referring now to Rg. 10b, the multi-pole filter 52' is shown. The filter 52* is sinrtilar to the filter 52 of Rg. 10a, 
except that the resonators XI and X2 (for convenience, resonator X3 is not shown In Fig. 10b) are shown to include 
inductors and capacitors. More particularly, resonator XI is shown to include inductor LI* and capacitor CI', and reso- 

50 nator X2 is shown to include inductor L2' and capacitor C2\ 

[0032] In cases where the circuit 53 is employed as impedance inverting circuits 51a-51d for the multi-pole filter 52' 
of Fig. 10b. the filter 52' operates as if the inductors LI and L2 of circuit 53 (which inductors have negative inductance 
values (-L)) are effectively "included" in resonators of the filter 52*. More particularly, and as an example, the employ- 
ment of circuit 53 for impedance inverting circuits 51a and 51b connected to resonator XI within filter 52' causes an 

ss equivalent inductance to be produced which is a combination of the inductance value of inductor L1* of resonator XI 
and the inductance values of inductors LI and L2 of the impedance inverting circuits 51b and 51a, respectively This 
equivalent inductance has a value Leqy, where L = L -L-L , where L|.i represents the inductance value of inductor 
LI*, and -L represents the inductance value of the individual inductors LI and L2. This relationship can also be charac- 
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terized by the equation = L|_^-(D/KQ^-ct)/K^2* where g> represents frequency. Kqi represents an impedance inversion 
parameter for the circuit 51a. and represents an Impedance inversion parameter for the circuit 51b. 
[0033] in cases where the resonators of a filter are fabricated so as to exhibit similar resonant frequencies, the inclu- 
sion of impedance inverting circuits, such as circuits 51a-51d, within the filter can cause the resonators to exhibit some- 

5 what different resonance frequencies. 

[0034] A curve (CV1) representing a reactance X(g>) of a series resonator having one inductor and one capacitor 
(such as resonators X1-X3) is shown in Fig. 1 1c. Cun^e (CV2) represents the reactance of a similar resonator that is 
coupled to a shunt capacitor. The series resonance of the resonator for each case is represented by (SR), and the par- 
allel resonance of the resonator coupled to the shunt capacitor is represented by (PR). As can be seen in view of Fig. 

10 11c. the reactance curves for the series resonator and the series resonator that is coupled to a shunt capacitor resem- 
ble one other at approximately the frequencies of the series resonances of the resonators. In filters that are similar to 
filter 52', but which include BAW resonators for the resonators XI. X2. and X3 of Fig. 10b. this can cause the filter to 
yield only a narrow passband bandwidth This Is especially true if no external coil is employed in the filter for canceling 
the effects of the shunt capacitor near the center frequency of the filter (which causes the parallel resonant frequency 

IS of the resonator to be Increased). 

[0035] In cases where the circuit 54 is employed as impedance inverting circuits 51a-51d for the mufti-pole filter 52* 
of Fig. 10b, equivalent capacitances are provided in the filter 52' which result from a combination of the capacitance val- 
ues (-C) of capacitors Cl and C3 of circuit 54 and capacitance values of various ones of the capacitors CV, C2\ etc., 
of the filter 52'. By example, the employment of circuit 54 for impedance inverting circuits 51a and 51b. which are con- 

20 nected to resonator XI within filter 52*. causes an equivalent capacitance to be provided which is a combination of the 
capacitance value of capacitor CI' of resonator XI and the capacftance values (-C) of capacitors CI and of the 
impedance inverting circuits 51b and 51a. respectively. This equivalent capacitance has a value Ceqvi where 
^ eqv = ^ ci ^ ci represents the capacitance value of capacitor CI ', and -C represents the capacitance value of 
the individual capacitors CI and C2. This relationship can also be characterized by the equation 

25 Cgqv =Cci-o>/Koi-a)/Ki2' where o represents frequency, K01 represents an impedance inversion parameter for the 
circuit 51a, and K^2 represents an impedance inversion parameter for the circuit 51b. 

[0036] Filters such as that shown in Fig. 1 0b are preferably designed by first selecting thicknesses and areas for layers 
of the resonators of the filters. These thicknesses and areas are selected so that the resonators will resonate at desired 
frequencies. Thereafter, equivalent circuit element values (e.g.. Lm, Cm and Cq) are calculated, as are values (e.g.. Kj. 

30 Kj.,.1) for impedance inversion parameters of the filter. Being that these Impedance inversion parameter values affect the 
equivalent capacitance values and/or equivalent Inductance values provided within the filter, the calculated values of 
the equivalent circuit elements (e.g., Lm, Cm and Cq). as well as the thicknesses/areas of the resonator layers, may 
need to be modified somewhat In order to enable the resonators to resonate at desired frequencies. 
[0037] An example of a multi-pole filter 55 which includes series-connected BAW resonatons 56-58, and which also 

35 includes capacitors COI, C12, C23. and C34. which function as impedance inverting elements, is shown in Fig. 12. The 
capacitors CGI . C12. C23. and C34 are shunt-connected within the circuit 55. The capacitance values of tiiese capac- 
itors COI. C12. C23. and C34 may be selected using known filter synthesis methods for enabling the filter 55 to produce 
a desired frequency response (including. e.g.. a response similar to that of a Butterworth or Chebyshev f ifter). 
[0038] Muftl-pole filters such as that shown In Fig. 12 (these filters are also refen^ed to as "BAW resonator mufti-pole 

40 fitters") typically provide narrow passband bandwrdths. By example only, for cases in which these types of filters are 
operating at frequencies In the gigahertz range, the fitters provide a passband bandwidth of only a few megahertz. Typ- 
ically, the BAW resonators of these types of fitters are designed to have a series resonance at the passband center fre- 
quency of the filters, and the passband bandwidths of the fitters are more narrow than the band of frequencies which 
separates tiie parallel and series resonances of each individual BAW resonator. 

45 [0039] The passband bandwidtii of mufti-pole fitters that include BAW resonators can be increased by connecting 
other passive elements ('*tunlng" elements), such as Inductors, In parallel wfth these BAW resonators, as Is described 
In the Driscoll publication. The added Inductors normally cause the equivalent parallel capacftance Cq (see. e.g.. Fig. 
4b) of the indi^ndual BAW resonators to be canceled at the center frequencies of the individual filters, and also increase 
the frequency differential between the parallel and series resonant frequences of the respective resonators. Unfortu- 

50 nately, these inductors may not always be effective at out-of-band frequencies, and the addftion of more than a few of 
these inductors to a fitter can add undesired complexity and size to tiie overall fitter structure. 
[0040] An example of a fitter 59 which Includes Inductors connected In parallel with BAW resonators is shown in Fig. 
13. The fitter 59 Includes BAW resonators (BAW1), (BAW2), and (BAW3). Inductors L01. L02. and l^, which are con- 
nected in parallel wtth the respective BAW resonators (BAW1). (BAW2) and (BAW3), and capacitors COI. C12, C23, 

55 and C34. which are employed as Impedance inverting elements. Each of tiie inductors Lqi . k)2' and L03, has an induct- 
ance value of Loo. where Lqq s 1/(C qOq ^ ), Cq represents the equivalent parallel capacitance of individual ones of the 
resonators (BAW1). (BAW2). and (BAW3). and o>o represents a center frequency of the filter 59. The fitter 59 exhibtts a 
frequency response having three poles. 
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[0041 ] The inclusion of the inductors Lq^ . Lo2. and L03 in the filter 59 enables the filter 59 to provide an increased pass- 
fc>and bandwidth relative to the filter 55 of Fig. 12. Unfc»1unately. however, the inclusion of the inductors Lqi. Loa* and 
Lo3 in the filter 59 causes the fitter 59 to provide poor stopband attenuation characteristics at low frequencies. This can 
be seen in view of Figs. 14a and 14b, which show an exemplary frequency response of the filter 59, assuming that 1) 
the BAW resonators (BAW1), (BAW2). and (BAW3) include layers having the materials and thicknesses shown in Table 
3. 2) the capacitors Cqi . C^g* ^3* and C34 have capacitance values similar to those shown in Table 3. and 3) the induc- 
tors Lqi, L02. and L03 have inductance values similar to those shown in Table 3. 



TABLE 3 



Layer 


Layer Thickness (BAW 1 . 
BAW 3) 


Layer Thickness (BAW 
2) 


Tuning Layer Si02 


28 nm 




Upper Electrode Au 


322 nm 


322 nm 


Piezoelectric Layer ZnO 


1430 nm 


1430 nm 


Lower Electrode Au 


331 nm 


331 nm 


Membrane Layer Si02 


242 nm 


242 nm 


Area of electrodes (Horizontal) 


255 um"^ 255 urn 


255 um* 255 um 


C01.C34 


4.94 pF 




CI 2. C23 


8.55 pF 




Loi. L02. Lo3 


7.2 nH 





[0042] Referring to Fig. 1 4a, it can be seen that the filter 59 exhibits poor stopband attenuation characteristics at fre- 
quencies that are below 800MHz. 

[0043] Reference will now be made to other types of multi-pole filters, namely, multi-pole filters that are primarily com- 
prised of Stacked Crystal Filter (SCF) devices (also referred to as "SCF multi-pole filters*^. It is krxiwn to employ one or 
more SCF devices in a passband filter. An advantage of employing SCF devices in passband filters is the better stop- 
band attenuation characteristics provided by these filters in general, as compared to the stopband attenuation charac- 
teristics of typical BAW ladder filters (an exemplary frequency response of a SCF is shown in Fig. 8c). 
[0044] An exemplary lumped element equivalent circuit of a SCF is shown in Fig. 8b. The equivalent circuit includes 
an equivalent inductance (2Lm). an equivalent capacitance (Cm/2), an equivalent resistance (2R). and equivalent par- 
allel (parasitic) capacitances (Cq). As can be appreciated in view of Fig. 8b, the SCF can be consklered to be an LC 
resonator having parallel capacitances (Cq) connected to ground. Owing to these parallel capacitances (Cq), SCF 
devices are well suited for being employed in multi-pole filters. By example, an ideal multi-pole filter having SCF devices 
is preferably constructed so that the parallel capacitances Cq of the devices function as impedance inverting elements. 
The use of these capacitances Cq as impedance inverting elements avoids the need to employ external discrete com- 
ponents as impedance inverting elements for the filter. 

[0045] In a SCF device, the maximum passk^and bandwidth that can be provided is a function of the ratio of the equiv- 
alent series capacitance Cm of the SCF device to the equivalent shunt capacitances Cq of tiie SCF device. This ratio 
is dependent on the level of piezoelectric coupling provided by piezoelectric layers of the SCF device. For example, a 
reduction in a piezoelectric layer thicknesses and a corresponding increase in a thickness of another layer (e.g.p a sup- 
port layer or electrode layer) of a SCF device (for causing the device to yield a same resonant frequ^cy) results in the 
device yielding correspondingly nanrower passband Isandwidths (and decreased coupling levels). As such, the level of 
coupling provided may be decreased by altering the relative thicknesses of these layers. In an ideal case, a maximum 
passband tDandwidth can be provided by a SCF device which includes only piezoelectric layers and electrode layers, 
although such a structure is generally not employed in practice. 

[0046] In general, a maximum passband bandwidth of a filter comprised primarily of SCFs and no additional discrete 
elements is achieved where a combination of capacitance values (2*Co) of two series-connected SCFs of tiie filter 
equals a desired value of an impedance inverting capacitance for the filter (in such a filter, impedance inversion is pro- 
vided by the combination of the capacitance values of the series-connected SCFs). An even wider passband bandwkfth 
can be achieved by connecting an external passive element in these filters, such as an inductor, between the two SCFs 
devices so as to cancel at least some of tiie inherent shunt capacitances (Cq) of the SCFs at passband frequencies. 
Such a filter is described in U.S. Patent 5,382,930. Typically, the number of inductors employed in tiiese types of filters 
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is one less than the number of SCF devices employed in the fDters* although additional inductors may be employed 
across the input ports and output ports of the filters to provide a higher degree of matching and reduced ripple levels at 
passband frequencies. 

[0047] An exemplary multi^pole filter 56 that includes SCF devices is shown in Fig. 15a. The multi-pole filter 56 
5 includes three SCF devices, namely SCFs 57, 58 and 59. and further includes shunt-connected Inductors Lpi and Lp2- 
Fig. 15b shows an exemplary frequency response of the filter 56 of Fig. 15a, wherein it is assumed that 1) the SCF 
devices 57-59 of the filter 56 include layers having the materials and thicknesses shown in Table 4, 2) each of the SCF 
devices 57-59 is constructed so as to yield a second harmonic resonance at the passband center frequency of the filter 
56, and 3) the inductances Lp^ and Lp2 each have an inductance value as shown In Table 4. 

10 



TABLE 4 



Layer 


Layer Thickness (SCFs 
57 and 59) 


Layer Thickness (SCF 
58) 


Tuning Layer Si02 




107 nm 


Upper Electrode Au 


228 nm 


228 nm 


Upper Piezoelectric Layer ZnO 


2020 nm 


2020 nm 


Ground Electrode Au 


317nm 


317 nm 


Lower Piezoelectric layer ZnO 


2020 nm 


2020 nm 


Lower Electrode Au 


282 nm 


282 nm 


Membrane Layer Si02 


186 nm 


186 nm 


Area of electrodes 


310 urn" 310 um 


310 um*310 um 


Lpi and Lp2 inductances 


8.3 nH 





30 [0048] The fundamental resonance of each SCF device 57-59 appears as a spurious response at approximately 500 
MHz. Also, the parallel resonances of the shunt-connected Inductors Lpi and Lp2* and the equivalent parallel capaci- 
tances Co of the SCF devices 57-59, cause the fitter 56 to yield a spurious response at approximately 640MHz. These 
spurious responses are undesired in that they cause the filter 56 to provide poor stopband attenuation at frequencies 
which are lower than the frequencies of the passband. Rg. 15c shows a portion (namely, the passband) of the fre- 

35 quency response of Fig. 15b in greater detail, between the frequencies of 925 MHz and 970 MHz. It should be noted 
that the SCF devices 57-59 of the filter 56 may also be constructed so as to yield their fundamental resonances at the 
passband center frequency of the filter 56. Assuming this is the case, the filter 56 may produce spurious responses at 
frequencies that are higher than the passband frequencies of the filter 56 (e.g., a spurious response may appear at 
approximately 2GHz). This response is also undesired. 

40 [0049] In view of the above description, it can be appreciated that it would be desiratsle to provkle a filter having a 
topology which enables the filter to provide desirable passband response characteristics, such as a wide passband ^ 
bandwidth and a high degree of stopband attenuation, while employing a reduced number of passive components (i.e., 
discrete parallel inductors and discrete impedance inverting elements) relative to the number of passive components 
included i n prior art multi-pole filters. It would also be desirable that the filter provide better frequency response charac- 

45 teristics than are provided by the multi-pole filters described above. 

[0050] It is an object of this invention to provide a filter that provides improved frequency response characteristics rel- 
ative to those that can be provkJed by conventional BAW resonator muKI-pole filters and conventional SCF multlpole fil- 
ters. 

[0051] It is another object of this invention to provide a bandpass fitter which yields improved frequency response 
50 characteristics relative to those yielded by conventional multi-pole filters, while employing a reduced number of passive 
components relative to the number of such components employed in conventional multi-pole filters. 
[0052] Further objects and advantages of this invention will become apparent from a consideration of the drawings 
and ensuing description. 

[0053] The foregoing and other problems are mitigated and the objects of the invention are realized by a Muttl-pole 
55 Bulk Acoustic Wave Resonator-Stacked Crystal Filter (BAWR-SCF) device or circuit. Acoorcfing to a preferred embodi- 
ment of the invention, the Multi-pole BAWR-SCF circuit comprises four ports, a first lead that is connected between a 
first and a second one of the ports, and a second lead that is connected between a third and a fourth one of the ports. 
The Muttl-pole BAWR-SCF circuit also comprises at least one BAW resonator that is connected In series in the first 
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lead, and at least one Stacked Crystal Filter (SCF). The SCF has first and second terminals that are connected in the 
first lead, and a third terminal that is connected in the second lead. The Multi-pole BAWR-SCF circuit further comprises 
a plurality of impedance inverting elements and at least one inductive element. Each individual one of the impedance 
inverting elements is coupled across the first and second leads, and the at least one inductive element is connected In 

5 parallel with the at least one BAW resonator The second lead is preferably connected to ground during use. 

[0054] In accordance with one embodiment of the Invention, the at least one BAW resonator includes a first BAW res- 
onator and a second BAW resonator, the plurality of impedance inverting elements include a first impedance Inverting 
element and a second impedance Inverting element, and the at least one inductive element includes a first inductive 
element and a second inductive element. Each of the first BAW resonator and the first impedance inverting element has 

10 a respective first terminal that is coupled to the first port. The first BAW resonator also has a second terminal that is 
coupled to the first terminal of the SCF, and the second BAW resonator has a first terminal that is coupled to the second 
terminal of the SCF Additionally, the second BAW resonator has a second terminal that is coupled to the second port, 
the second impedance inverting element has a first terminal that is coupled to the second port, the first Inductive ele- 
ment Is connected in parallel with the first BAW resonator, and the second inductive element is connected in parallel 

15 with the second BAW resonator. 

[0055] Also in this embodiment of the invention, the first inductive element has a first end that is coupled to the first 
port, and the first inductive element has a second end that is connected in the first lead between the second terminal 
of the first BAW resonator and the first terminal of the SCF Moreover, the second inductive element has a respective 
first end that is connected in the first lead between the second terminal of the SCF and the first terminal of the second 

20 BAW resonator, and also has a respective second end that is coupled to the second port. Also, the first impedance 
inverting element has a second terminal that is coupled to the third port, and the second Impedance inverting element 
has a second terminal that is coupled to the fourth port. 

[0056] In accordance with a further embodiment of the invention, a Multi-pole BAWR-SCF circuit is provided which Is 
similar to tiiat of the preferred embodiment described at^ove. except that the circuit comprises two SCF devices, a single 

25 BAW resonator, an inductive element that is connected in parallel with the BAW resonator, and two shunt-connected 
impedance inverting elements. The BAW resoriator is interposed between the two SCF devices. A first one of tiie SCF 
devices has a terminal tiiat is coupled to the first port, a terminal that is coupled to a terminal of tiie BAW resonator, and 
another terminal that is coupled to the second lead. A second one of the SCF devices has a terminal that is coupled to 
the second port, a terminal that is coupled to anotiier terminal of the BAW resonator, and a terminal that is coupled to 

30 the second lead. A first one of the two impedance inverting elemerrts has a first end that is coupled in the first lead 
between the first SCF device and the BAW resonator, and also has a second end that is coupled to tiie second lead. 
Moreover, a second one of the inrpedance Inverting elements has a first end that Is coupled in the first lead between 
the BAW resonator arKi the second SCF device, and also has a second end that is coupled to the second lead. 
[0057] In accordance with the invention, by employing the BAW resonators, SCFs, impedance inverting elements, and 

35 inductive elements within a single circuit, such as the circuits of the invention described above, a frequency response 
having a wide passband bandwidth and a high degree of stopband attenuation is provided by the circuit. Also in accord- 
ance with the invention, the equivalent parallel capacitance Cq of the SCFs function as further impedance inverting ele- 
ments. 

[0058] The number of discrete elements (e.g., parallel inductors and impedance inverting elements) employed In the 
40 circuits of the invention is reduced relative to the number of such elements employed in at least some conventional 
multi-pole filters, and the circuits of the invention nevertheless provide wide passband bandwidths. The Multi-pole 
BAWR-SCF drcuits of the invention provide generally improved frequency responses relative to those tiiat can be 
exhibited by. for example, the conventional BAW resonator multi-pole filters and conventional SCF multi-pole filters 
described above. 

45 [0059] In accordance with another aspect of the invention, the SCFs (which yield series resonances) of each Multi- 
pole BAWR-SCF circuit may be fabricated to have a layer stack of a tiiickness that enables the SCFs to yield either a 
fundamental resonant frequency or a second harmonic resonant frequency at. or near, the desired ("design") center fre- 
quency of the Multi-pole BAWR-SCF device. Preferably, the Multi-pole BAWR-SCF devices of the invention are con- 
structed so that the SCFs yield a second harmonic resonance, rather than a fundamental resonance, at tiie "design" 

50 center frequency of the respective Multi-pole BAWR-SCF devices. This is because the Multi-pole BAWR-SCF dievices 
are easier to fabricate in this case. 

[0060] The Multi-pole BAWR-SCF circuits may include any suitak)le types of BAW resonators and SCFs, including, for 
example, solidly-mounted (i.e.. acoustic mirror sttucture) BAW resonators and SCFs. The use of acoustic mirrors in the 
Multi-pole BAWR-SCF devices offers a number of advantages over the use of ottier types of structures. One advantage 
55 is that the acoustic minor devices are structurally rrrore rugged than the other types of devices. Anotiier advantage is 
that, in high power applications, any heat that may be generated due to losses in the devices is conducted efficiently to 
the substrates of the respective devices via tiie acoustic minors. A further advantage of using acoustic mirror devices 
in the Multi-pole BAWR-SCF devices of the invention is that the acoustic mirrors can help to attenuate any unwanted 
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harmonic responses that may occur in the devices. 

[0061 ] In accordance with a pretended embodiment of the invention, the inductive elements and impedance inverting 
elements of the circuits described above are fabricated on one substrate, and the BAW resonator and SCF components 
of the circuits are fabricated on another substrate. These elements are then coupled together to form a Multiix>le 

5 BAWR-SCF device in accordance with the invention. 

[0062] According to a first embodiment of the present invention, there Is provided a multi-pole Bulk Acoustic Wave 
(BAW) filter, comprising: a first pair of ports: a second pair of ports; a first lead coupled between a first and a second 
one of said first pair of ports: a second lead coupled between a first and a second one of said second pair of ports; at 
least one BAW resonator coupled in series in said first lead; at least a first Stacked Crystal Filter (SCF). said first SCF 

10 having first and second terminals coupled in said first lead, said first SCF also having a third terminal coupled in said 
second lead; a plurality of impedance inverting elements, each individual one of said plurality of impedance inverting 
elements being coupled across said first and second leads; and at least one inductive element, said at least one induc- 
tive element being coupled in parallel with said at least one BAW resonator, wherein said Multi-pole BAW filter yields a 
passband response having a center frequency fc- 

IS [0063] According to a second embodiment of the present invention, there is provided a Bulk Acoustic Wave (BAW) 
filter, connprising: a first substrate; a first conductive layer disposed on said first substi^te; a first contact pad disposed 
on said first substrate; a second contact pad disposed on said first substrate; at least one BAW resonator disposed on 
said first substrate, said at least one BAW resonator being serially coupled between said first and second contact pads; 
at least one Stacked Crystal Filter (SCF) disposed on said first substrate, said at least one SCF being serially coupled 

20 between sakJ first and second contact pads, said at least one SCF having a first terminal coupled to said first conductive 
layer; a second substrate; a second conductive layer disposed on said second substrate and being coupled to isaid first 
conductive layer; at least one inductor disposed on said second substrate, said at least one Inductor being coupled in 
parallel with said at least one BAW resonator; and at least one impedance inverting element disposed on said second 
substrate, saki at least one impedance inverting element having a first terminal serially coupled between said first and 

2s second contact pads, said at least one impedance inverting element also having a second terminal coupled to said sec- 
ond conductive layer. 

[0(^] According to a third emk)odiment of tiie present invention, there is provided a Bulk Acoustic Wave (BAW) filter, 
comprising: a first substrate; a first conductive layer disposed on said first substrate; a first contact pad disposed on said 
first substrate: a second contact pad disposed on said first substrate; at least one BAW resonator disposed on said first 
30 substrate, sakf at least one BAW resonator being serially coupled between said first and second contact pads; and at 
least one Stacked Crystal Filter (SCF) disposed on saki first substrate, said at least one SCF being serially coupled 
between saKi first and second contact pads, said at least one SCF also having a first terminal coupled to said first con- 
ductive layer. 

[0065] According to a fourth embodiment of the present invention, tiiere Is provided a Bulk Acoustic Wave (BAW) filter. 

35 comprising: a first sut^strate; a first conductive layer disposed on said first substrate; a plurality of inductors disposed on 
said first substrate, each of said inductors having respective first and second terminal ends; and a plurality of imped- 
ance inverting elements disposed on sakj first sut>strate. each of said impedance inverting elements having respective 
first and second terminals, wherein the first terminal of each respective one of tiie impedance inverting elements is cou- 
pled to the first terminal end of a respective one of the inductors, and wherein the second terminal of each impedance 

40 inverting element is coupled to the first conductive layer. 

[0066] According to a fifth embodiment of the present invention, there is provided a Multi-pole Bulk Acoustic Wave 
(BAW) filter, comprising: a first parr of ports; a second pair of ports; at least one BAW resonator coupled between sad 
first pair of ports; at least one Stacked Crystal RIter (SCF) coupled between said first pair of ports, said at least one 
SCF having a terminal coupled between said second pair of ports, said at least one SCF also having at least one 

45 lumped element equivalent component; at least one impedance inversion means, each of said at least one inpedance 
inversion means having a first end coupled between said first pair of ports and a second end coupled between said sec- 
ond pair of ports; and at least one tuning element, sakJ at least one tuning element being coupled in parallel with said 
at least one BAW resonator, sakJ at least one tuning element yielding a resonance at approximately a center frequency 
fc of the Multi-pole BAW filter for causing a passband of the Multi-pole BAW filter to have an increased bandwidth rela- 

50 tive to a passband bandwidth of anotiier filter that does not include the at least one tuning element; wherein said at least 
one lumped element equivalent component and said at least one impedance inversion means function to transform a 
terminating impedance of said Multi-pole (BAW) filter from a first impedance to a second impedance. 
[0067] The above set forth and other features of the invention are made more apparent in the ensuing Detailed 
Description of the Invention when read in conjunction with the attached Drawings, wherein: 

ss 

Fig. 1a illustrates a cross-section of an exemplary Bulk Acoustic Wave (BAW) resonator that includes a membrane 
and an air gap; 



11 



EP 0 949 756 A2 

Fig. lb illustrates a top view of a portion of the BAW resonator of Fig. la: 

Fig. 2 illustrates a cross-section of an exemplary BAW resonator that includes a sacrificial layer; 

5 Fig. 3a illustrates a cross-section of an exemplary solidly-mounted BAW resonator that includes an acoustic mirror; 

Fig. 3b shows a top view of a portion of the BAW resonator of Fig. 3a. including a protective layer 38a and elec- 
trodes 24 and 26; 

10 Fig. 4a illustrates a cross-section of an exemplary BAW resonator that includes a sut>strate having a via; 
Fig. 4b shows a lumped element equivalent circuit of a BAW resonator; 

Fig. 5a illustrates a cross-section of an exemplary Stacked Crystal Filter (SCF) that includes a membrane and an 
15 air gap; 

Fig. 5b illustrates a top view of a portion of the SCF of Rg. 5a; 

Fig. 6 illustrates a cross-section of an exemplary SCF that includes a sacrificial layer; 

20 

Fig. 7a illustrates a cross-section of an exemplary solidly-mounted SCF that includes an acoustic mirror; 
Fig. 7b shows a top view of a portion of the SCF of Fig. 7a; 
25 Fig. 8a illustrates a cross-section of an exemplary SCF that includes a substrate having a via; 
Fig. 8b shows a lumped element equivalent circuit of a SCF; 
Fig. 8c shows an exemplary frequency response of a SCF; 

30 

Fig. 8d shows a circuit diagram of an exemplary BAW ladder filter that includes two BAW resonators, and which is 
constructed in accordance wtth the prior art; 

Fig. 8e shows an exemplary frequency response of the BAW ladder filter of Fig. 8d; 

35 

Fig. 8f shows a circuit diagram of an exemplary BAW ladder filter that includes four BAW resonators, and which is 
constructed in accordance with the prior art ; 

Fig. 8g shows an exemplary frequency response of the BAW ladder filter of Fig. 8f ; 

40 

Fig. 8h shows a lumped element equivalent circuit of the BAW ladder filter of Fig. 8f ; 

Fig. 8i shows a schematic diagram of an exemplary "balanced" ladder filter that is constructed in accordance with 
the prior art; 

45 

Fig. 8j shows a lumped element equivalent circuit of the balanced ladder filter of Fig. 8i; 

Fig. 9 shows an exemplary frequency response of a ladder filter that includes four BAW resonators and no tuning 
elements, in accordance with the prior art; 

so 

Fig. 10a shows a circuit diagram of an exemplary multi-pole filter that includes resonators XI. X2 and X3, imped- 
ance inverting circuits 51a-51d. and terminating impedances Ra and Rb. wherein the filter is constructed in accord- 
ance with the prior art; 

55 Rg. 10b shows a circuit diagram of another exemplary multi-pole filter tiiat is constructed in accordance with the 
prior art; 

Rg. 1 la shows an exemplary impedance inverting circuit that includes inductors L1-l^; 
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Rg. 11b shows an exemplary impedance inverting circuit that includes capacitors C1-C3; 

Rg. 1 1c shows exemplary resonator reactance curves: 

5 Rg. 1 2 shows a circuit diagram of a conventional multi-pole filter that includes BAW resonators 56, 57, and 58, and 

Impedance inverting capacitors C01 . C12, C23, and C34; 

Rg. 13 shows a circuit diagram of another conventional prior art multi-pole filter, wherein the filter is similar to that 
shown in Rg 12, but also includes inductors Lq^ , L02, and L03; 

10 

Rg. 1 4a shows a frequency response of the multi-pole filter of Fig. 13; 

Fig. 14b shows a portion of the frequency response of Fig. 14a, over a range of frequencies between 925MHz and 
970MHz; 

IS 

Rg. 15a shows a circuit diagram of a further exemplary multi-pole filter that is constructed in accordance with the 
prior art, wherein the filter includes SCF devices 57, 58 and 59, and shunt-connected inductors Lp^ and Ip^; 

Rg. 1 5b shows a frequency response of the multi-pole filter of Fig. 1 5a: 

20 

Fig. 15c shows a portion of the frequency response of Rg. 15b. over a range of frequencies between 925MHz and 
970MHz; 

Fig. 16a illusti'ates a circuit diagram of a Multi-pole Bulk Acoustic Wave Resonator-Stacked Crystal Filter (BAWR- 
25 SCF) device that is constructed in accordance with an embodiment of the invention: 

Fig. 16b shows an exemplary lumped element equivalent circuit of the Multi-pole BAWR-SCF device of Rg. 16a: 

Fig. 17a shows a Multi-pole BAWR-SCF device that is constructed in accordance witii another embodiment of the 
30 invention: 

Fig. 17b shows an exemplary lumped element equivalent circuit of the Multi-pole BAWR-SCF device of Fig. 17a: 
Fig. 18a shows an exemplary frequency response of tfie Multi-pole BAWR-SCF circuit of Fig. 16a: 

35 

Rg. 18b shows a portion of the frequency response of Fig. 18a. over a range of frequencies between 925MHz and 
970MHz: 

Fig. 19a shows an exemplary frequency response of tiie Multi-pole BAWR-SCF circuit of Fig. 1 7a; 

40 

Fig. 19b shows a portion of the frequency response of Fig. 1 9a. over a range of frequencies between 925MHz and 
970MHz: 

Figs. 20a and 20b show respective portions 1 00' and 100" of a Multi-pole BAWR-SCF device 100*** which is shown 
45 in Fig. 20c, wherein the device 1 00"* is constructed in accordance with the invention: 

Fig. 20c shows the Multi-pole BAWR-SCF device 100*" constructed in accordance with the invention: 

Figs. 2 1 a and 2 1 b show respective portions 1 1 6 and 1 1 7 of a device 1 1 8 which is shown in Rg. 20c, wherein the 
50 device 1 18 is constructed in accordance with the Invention; and 

Rg. 21c shows the device 1 18 constructed in accordance with ttie invention. 

[0068] Identically labeled elements appearing In different ones of the figures refer to tiie same element but may not 
55 be referenced in the description for all figures. 

[0069] Before describing the presentiy preferred embodiments of this invention, brief reference will first be made to 
the Bulk Acoustic Wave (BAW) devices shown in Figs. 1a-4a and tiie Stacked Crystal Filters (SCFs) shown In Figs. 5a- 
8a. The Bulk Acoustic Wave (BAVV) devices shown in Figs. 1a-4a are further described in a commonly assigned. 
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allowed US. patent application serial na: 08/720.696. entitled "A Device Incorporating a Tunable Thin Film Bulk Acous- 
tic Resonator Ibr Perfomiing Amplitude and Phase Modulation", filed on Octot^er 2. 1996. and invented by Juha Elld. 
The Stacked Crystal Filters (SCFs) shown in Figs. 5a-8a, as well as the Bulk Acoustic Wave (SAW) devices shown in 
Figs. 1 a-4a. are also described in a commonly assigned, copending U.S. patent application serial no. : 08/861 .21 6. enti- 
5 tied "Filters Utilizing Thin Film Stacked Crystal RIter Structures and Thin Film Sulk Acoustic Wave Resonators", filed on 
5/21/97, and invented by Juha Ella. 

[0070] In Rgs. la arKi lb, a side view of a cross-section and a top view of a cross section, respectively, are shown of 
a SAW resonator 20 having a membrane or bridge structure 28. The BAW resonator 20 comprises a piezoelectric layer 
22, a layer 38b, a protective layer 38a (e.g., polyimide). a first, lower electrode 24. a second, upper electrode 26. the 

10 membrane 28, etch windows 40a and 40b, an air gap 34. and a sut)strate 36. The piezoelectric layer 22 comprises, by 
example, a piezoelectric material that can be fabricated as a thin film such as, by exannple. zinc-oxide (ZnO), zinc-sulfur 
(ZnS), or aluminum-nitride (AIN). The membrane 28 comprises two layers, namely a top layer 30 and a tx)ttom layer 
32, altiiough only a single membrane layer may also be employed. The top layer 30 is comprised of. by example, silicon 
(Si), silicon-dioxide (SiOg). poly-silicon (poly-sQ, or aluminum-nitride (AIN), and the bottom layer 32 is comprised of. by 

IS example, silicon, silicon-dioxide (SiOg). or gallium arsenide (GaAs). The layer 38b is also comprised of. by example, 
Si02 or GaAs. The lower electrode 24 may be comprised of, by example, gold (Au), molybdenum (Mo), or aluminum 
(Al). although gold is preferably employed since it provides greater advantages during the growing of the piezoelectric 
layer 22 than do the other materials. The upper electrode 26 may also be comprised of, by example, gold (Au), molyb- 
denum (Mo), or aluminum (Al). although aluminum is preferably used since it is less electrically lossy than the other 

20 materials. During fabrication of the device 20, the layers 38b and 32 are deposited simultaneously, and as a single layer, 
over the substrate 36 of the device 20. The etch windows 40a and 40b are formed by etching through this single layer 
and the layer 38a (as a result, the separately labelled layers 38b and 32 are provided). The substrate 36 is comprised 
of a material such as, by example, silicon (Si). Si02. GaAs, or glass. Through tiie etch windows 40a and 40b. a portion 
of the substrate 36 is etched to form the air gap 34 after the membrane layers have been deposited over tiie substrate 

25 36. 

[0071 ] Referring to Fig. 2. a BAW resonator 21 is shown. The BAW resonator 21 is similar to the one illustrated in Fig. 
1 a, with an addition of a sacrificial layer 39. During fabrication of the resonator 21 , the sacrificial layer 39 is deposited 
over the substrate 36 prior to the deposition of the membrane 28. After all of the resonator layers are formed, the sac- 
rificial layer 39 is removed through the etch windows 40a and 40b to form air gap 34. The layer 32 provMes protection 

30 for the piezoelectric layer 22 during the removal of the sacrificial layer 39. 

[0072] For kx>th of the resonators 20 and 21 , tiie piezoelectric layer 22 produces vibrations in response to a voltage 
being applied across the electrodes 24 and 26. The vibrations tiiat reach the interfoce between the membrane 28 and 
the air gap 34 are reflected by this interface back into the membrane 28. In this mariner, the air gap 34 Isolates vibra- 
tions produced by the piezoelectric layer 22 from the substrate 36. 

35 [0073] Figs. 3a and 3b show a side view of a cross-section and a top view of a cross-section, respectively, of another 
device, namely, a solidly-mounted BAW resonator 23a. BAW resonator 23a has a similar structure as that of the BAW 
resonator 20 of Fig. 1 a, except that no layer 38b is provided, and the membrane 28 and the air gap 34 are replaced with 
an acoustic mirror 70 which acoustically isolates vibrations produced by the piezoelectric layer 22 from the substrate 
36. It should be noted, however, that a membrane or tuning layer (not shown) may also be provided between the acous- 

40 tic min^or 70 and the electrode 24. if needed to tune the device 23a to enable it to provide desired frequency response 
characteristics. 

[0074] The acoustic mirror 70 may comprise an odd number of layers (e.g., from three to nine layers). The acoustic 
mirror 70 shown in Fig. 3a comprises three layers, namely a top layer 70a. a middle layer 70b. and a bottom layer 70c. 
Each layer 70a, 70b and 70c has a thickness that is, by example, approximately equal to one quarter wavelength at the 

45 center frequency of the device. The top layer 70a and bottom layer 70c are comprised of materials having low acoustic 
impedances such as, by example, silicon (Si), silicon-dioxide (Si02), poly-silicon, aluminum (Al), or a polymer. Also, tiie 
middle layer 70b is comprised of a material having a high acoustic impedance such as, tiy example, gold (Au), molyt>- 
denum (Mo), or tungsten (W) (tungsten is preferred). A ratio of the acoustic impedances of consecutive layers is large 
enough to permit the impedance of the substrate to be transformed to a lower value. When the piezoelectric layer 22 

50 vibrates, the vibrations it produces are substantially isolated from the substrate 36 by the layers 70a, 70b and 70c. 
Being that the vibrations are isolated ih this manner, and because no etching of the substrate 36 is required during the 
fabrication the BAW resonator 23. the substrate 36 may be comprised of various materials having low or high acoustic 
impedances such as. by example. Si. SiOa. GaAs, glass, or a ceramic material (e.g.. alumina). Also, for any of the high 
impedance dielectric layers described above, tantalum dioxkie may be employed in lieu of tiie materials mentioned 

55 above. 

[0075] In Fig. 4a. a cross-section of another type of BAW resonator 80 is shown. The resonator 80 comprises a pie- 
zoelectric layer 22, a first, lower electrode 24. a second, upper electrode 26. a membrane 88, and a substrate 90 having 
a via 92. The piezoelectric layer 22, the first and second electrodes 24 and 26, and the membrane 88 form a stack that 
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preferably has a thickness of, by example. 2 to 10 ^m, and the substrate 90 preferably has a thickness of. by exam- 
ple. 0.3 mm to 1 mm. A portion of the via 92 located directly underneath the membrane 88 preferably has a length of. 
by example, 100 ^m to 400 ^m. The substrate 90 may comprise, by example. Si or GaAs. The resonator 80 functions 
in a similar manner as the resonator 20 described above in that both of these devices employ air interfaces to reflect 
5 acoustic vibrations produced by the piezoelectric layers 22 of the respective devices. A primary difference between 
these resonators 20 and 80. however, is the method employed tor fabricating the respective devices. For example, for 
the resonator 80. after all of the layers 22. 24. 26. and 88 are formed, a portion of the substrate Is then etched away 
from underneath the substrate 90 to form the via 92. 

[0076] Each of the BAW resonators described above may be fabricated using thin film technology, including, by exam- 
10 pie. sputtering and chemical vapor deposition steps. BAW resonators exhibit series and parallel resonances that are 
similar to those of, by example, crystal resonators. Resonant frequencies of BAW resonators can typically range from 
about 0.5GHz to 5GHz. depending on the layer thicknesses of the devices. Also, the impedance levels of BAW resona- 
tors are a function of the horizontal dimensions of the devices. 

[0077] Reference will now be made to Figs. 5a-8a. which show various embodiments of another type of BAW device. 

IS namely a Stacked Crystal Filter (SCF)- Figs. 5a and 5b show a Stacked Crystal Filter 20*. TTie SCF 20' is constructed 
of layers 36. 32, 30, 24, 22, 38a. and 38b. an air gap 34, and etch windows 40a and 40b. that are similar to those of the 
BAW resonator 20 described above. In addition to these layers, the Stacked Crystal Filter 20* also includes a second, 
middle electrode 26'. which is similar to the electrode 26 of the BAW resonator 20 described above, and which is 
employed as a ground electrode. The SCF 20' also includes an additional piezoelectric layer 23 that is disposed over 

20 the electrode 26' and over portions of the piezoelectric layer 22. The SCF 20' further includes a third, upper electrode 
25 that is disposed over a top portion of the piezoelectric layer 23. The electrodes 25 and 26' may comprise similar 
materials as the electrodes 24 and 26 of BAW resonator 20, and the piezoelectric layers 22 and 23 may comprise sim- 
ilar materials as the piezoelectric layer 22 of BAW resonator 20. Also, as can be appreciated in view of Rgs. 5a and 5b, 
the protective layer 38a covers portions of tiie piezoelectric layer 23 and the electrode 25. in addition to covering por- 

25 tions of the otiier layers of the SCF 20'. For the purposes of this description, the piezoelectric layers 22 and 23 of SCF 
20' are also referred to as a first, lower piezoelectric layer 22. and a secorKl. upper piezoelectric layer 23. respectively. 
[0078] Fig. 6 shows a Stacked Crystal Filter 21 ' that is simitar to that of Figs. 5a and 5b. with an addition of a sacrificial 
layer 39. The sacrificial layer 39 is employed to form an air gap (not shown in Fig. 6) in a similar manner as was 
described above with respect to Fig. 2. The layer 32 provides protection for the piezoelectric layer 22 during the removal 

30 of the sacrificial layer 39. 

[0079] Fig. 7a shows a solidly-nwunted Stacked Crystal Filter 23' that comprises layers 36, 70, 70a. 70b, 70c, 24, 22. 
and 38a. that are similar to those of BAW resonator 23a of Figs. 3a and 3b. The SCF 23' also includes an additional 
piezoelectric layer 23, a second, middle electrode 26'. and a third, upper electrode 25. The electrodes 25 and 26* may 
comprise similar materials as the electrodes 24 and 26 of BAW resonator 23a, and the piezoelectric layers 22 and 23 

35 may comprise similar materials as the piezoelectric layer 22 of BAW resonator 23a. The piezoelectric layer 23 is dis- 
posed over portions of the electrode 26' and the piezoelectric layer 22. and the electrode 25 is disposed over a top sur- 
face of the piezoelecti-ic layer 23. The electrode 26' of SCF 23' serves as a ground electi'ode and covers portions of the 
acoustic min^or 70 and the piezoelectric layer 22. Protective layer 38a covers portions of the layers 23, 25. and 26'. in 
addition to covering otiier portions of the SCF 23'. Rg. 7b shows a top portion of tiie SCF 23'. including the electrodes 

40 24, 25 and 26', and a portion of protective layer 38a. For the purposes of this description, the piezoelectric layers 22 
and 23 of SCF 23' are also referred to as a first, lower piezoelectric layer 22, and a second, upper piezoelectric layer 
23, respectively It should be noted that a membrane or tuning layer (not shown) may also be provided between the 
acoustic mirror 70 and the electi-ode 24 of tiie device 23'. if needed for tuning the device 23' to enable it to provide 
desired frequency response characteristics. 

45 [0080] Fig. 8a shows a Stacked Crystal Fitter 80' tiiat is comprised of a substrate 90. a membrane 88. a first, lower 
electrode 24. a first, lower piezoelectric layer 22, and a via 92. that are similar to those of BAW resonator 80 described 
above. In addition to tiiese components, the SCF 80' also includes a second, upper piezoelectric layer 23, a second, 
middle electrode 26*. and a third, upper electrode 25, that include similar materials as described above. The middle 
electrode 26' is disposed over portions of the piezoelectric layer 22 and the membrane 88. The piezoelectric layer 23 is 

50 disposed over portions of middle electrode 26' and the piezoelectric layer 22, and tiie third electrode 25 is disposed over 
the piezoelectric layer 23. The second electrode 26' of tiiis device serves as a ground electrode. 
[0081 ] Each of the Stacked Crystal Filters shown in Figs. 5a-8a may be fabricated using the same substrate materials 
and deposition methods used to fabricate the BAW resonators of Figs. 1a-4a. As refenred to above, an equivalent circuit 
of a SCF is shown in Fig. 8b. Also, as was descrik>ed above. SCFs are two-port devices having equivalent capacitances 

55 (Co) (see Fig. 8b). and perform similar to LC resonating circuits. SCFs exhibit a series resonance. Like the BAW reso- 
nators described above, the impedance levels of Stacked Crystal RIters are a function of the horizontal dimensions of 
the devices. Also like the BAW resonators desaibed above, the fundamental (series) resonant frequency of each SCF 
is a function of tfie thickness of the layer stack (e.g.. including tiie tiiicknesses of the electrodes, the piezoelectric layers. 
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and the membrane(8). if any) disposed over the substrate of the device. 

[0082] As was previously described, conventional BAW resonator multi-pole filters and SCF multiiX)le filters can gen- 
erally provide only limited passband bandwidths. As was also previously described, the passband bandwidth of a multi- 
pote filter can be increased to some extent by connecting various passive "tuning" components within the filter These 

5 components may include, for example, discrete inductive elements, such as monolithic spiral coils, discrete inductors, 
or transmission lines, which are connected in parallel with resonators of the filter As was further previously described, 
conventional multi-pole filters that include series-connected resonators generally include impedance inverting compo- 
nents such as those shown in Figs. 11a and 11b. The inclusion of these types of passive elements in a filter can con- 
tribute to increasing the overall size and complexity of the filter, and the low Q values of the inductive tuning elements 

10 can cause an increase in the filter's level of insertion loss. Also, the inclusion of discrete inductors within a filter can 
cause the filter to yield unwanted spurious responses, especially at low frequencies. As can be appreciated, it would be 
desirable to provide a multiiDole filter which includes a reduced number of passive elements relative to the number of 
passive elements included in at least some conventional multi-pole filters, and which provides better frequency 
response characteristics than are provided by these conventional multi-pole filters. 

15 [O0N33] In view of these considerations, the inventor has determined that by providing BAW resonators, SCFs, and 
passive components (such as (a) impedance inverting elements and (b) inductive elements connected in parallel with 
the BAW resonators) within a single circuit, desired frequency response characteristics can be provided, while avoiding 
some of the drawt>acks associated with the use of the prior art BAW resonator multi-pole filters and prior art SCF multi- 
pole filters described above. More particularly, the inventor has developed monolithic filters that are comprised of 

20 series-connected BAW resonators and Stacked Crystal Filters, and which also include a reduced number of inductive 
tuning elements and impedance inverting elements relative to the number of such elements employed in at least some 
conventional multi-pole filters. Also, by including SCF devices in the filters, the inventor has exploited the equivalent par- 
allel capacitance Co of the SCF devices to advantage, in that the filters of the invention are constructed so that these 
parallel capacitances Cq function as impedance inverting components between resonators of the filters, thereby reduc- 
es ing the number of discrete impedance inverting elements needed to be employed in the filters. These parallel capaci- 
tances function in conjunction with discrete impedance inverting elements within the filters for transforming a 
terminating impedance of the respective filters from a first impedance to a second impedance. 
[0084] The filters of the invention provide a wide passband bandwidth and a high degree of stopband attenuation, 
and. as such, also provide improved frequency responses relative to those that can be provided by, for example, BAW 

30 resonator multi-pole filters and SCF multi-pole filters of the prior art. The filters of the invention are hereinafter referred 
to as Multi-pole Bulk Acoustic Wave Resonator-Stacked Crystal Filter (BAWR-SCF) devices or circuits (or FBAR-SCF 
devices), and may be embodied In accordance with various topologies, as will be described betow. The BAW resonators 
of the Multi-pole BAWR-SCF devices of the invention may be similar to any of those described above and shown in Figs. 
1a-4a, and the SCFs of the Multi-pole BAWR-SCF devices may be similar to any of those described above and shown 

35 in Figs. 5a-8a. 

[0085] Before describing the various embodiments of the Multi-pole BAWR-SCF devices of the invention, aspects of 
the invention relating to tiie basic topology, fabrication, and performance of these devices will be referred to. The basic 
topology of the Multi-pole BAWR-SCF devices of the invention includes a plurality of series-connected BAW resonators 
and SCF devices, inductive elements connected in parallel with the BAW resonators, and shunt-connected impedance 

40 inverting elements. The number of BAW resonators and SCF devices included in the Multi-pole BAWR-SCF devices of 
the invention depends on. for example, the frequency response characteristics (e.g., the number of poles, the passt>and 
bandwidth/shape (i.e.. Buttenvorth or Chebyshev), the amount of passband ripple, etc.) and terminating impedance lev- 
els desired to be provided. By example, each BAW resonator and each SCF device included in the Multi-pole BAWR- 
SCF devices causes the devices to yield a respective pole. Also, the number of inductive elements employed In the 

45 Multi-pole BAWR-SCF devices is the same as the number of BAW resonators employed in tiiese devices. 

[0086] During the design of the Multi-pole BAWR-SCF devices of the invention, dimensions for the thicknesses and 
areas of the BAW resonator layers and SCF layers of the devices are preferably selected for enabling the BAW resona- 
tors and SCFs to resonate at desired frequencies. After these areas and thicknesses are selected, equivalent circuit 
element values (e.g.. Lm, Cm and Cq) for tiie BAW resonators and SCFs, as well as values for the impedance inverting 

50 components (inductive or capadtive), are determined (e.g.. the value of equivalent capacitance Cq of the devices is 
preferably selected so as to have a resonance at the center frequency of the filter). Also, values for the inductive ele- 
ments (which are connected in parallel with tiie BAW resonators) are selected. The inductance values of the Inductive 
elements (i.e., tuning elements) employed in the Multi-pole BAWR-SCF devices of the invention depend on, for exam- 
ple, the resonant frequencies, and hence, the thicknesses of the piezoelectric layers, of the BAW resonators with which 

55 the inductive elements are connected in parallel. By example, tiie values of the inductive elements employed in a Multi- 
pole BAWR-SCF device are preferably selected so tiiat each inductive element has a parallel resonant frequency which 
is similar to that of the equivalent parallel capacitance Cq of the BAW resonator with which the inductive element is con: 
nected in parallel. This frequency is tiie center, frequency of the BAW resonator and center frequency of the passband 
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of the Multi-pole BAWR-SCF device. In this manner, each Inductive element is able to cause the equivalent parallel 
capacitance Co to be canceled at the center frequency of the resonator device, and is also at)le to cause the parallel 
and series resonant frequencies of the resonator device to be separated from one another by a wider frequency band 
than is provided without the inductive element. As a result, the overall passband bandwidth of the Multi-pole BAWR- 
5 SCF filter is increased relative to that which is provided by the filter without such inductive tuning elements. 

[0087] The determination of appropriate values for the BAW resonator and SCF layer thicknesses/areas, as well as 
the determination of the various Inductive and capadtive component values, may be made in accordance with any suit- 
able, known filter design technique. 

[0088] Impedance inversion parameter values (i.e.. Kj, Kj^^, etc.) for the impedance inverting elements employed in 
10 the BAWR-SCF devices may also calculated using the equations (1-4) referred to above, assuming that the desired 
number of poles for the devices and values for appropriate ones of the variables in the equations (e.g.. values for the 
terminating impedances Ra and Ra. the fractional bandwidth w. etc.) have been selected. 

[0089] Being that these impedance inversion parameter values affect the overall equivalent capacitances and/or 
inductances provided within the filter, and may be different for different ones of the inpedance inverting elements within 

IS the filter, the calculated values of the equivalent drcuit elements (e.g., Lm. Cm and Cq), as well as the thick- 
nesses/areas of the resonator layers, may need to be modified somewhat in order to enable the BAW resonators and 
SCF components to resonate at the desired frequencies after fabrication, and to cause the parasitic capacitances to 
assume desired values. As a result, at least some of the resonator components of the Multi-pole BAWR-SCF devices 
may have differing layer stack thicknesses and correspondingly different resonant frequencies. By example, it is 

20 assumed that it is desired to provide a Multi-pole BAWR-SCF device having n consecutive resonator components 
(including BAW resonators and SCFs). wherein the device yields either a Chebyshev-type frequency response having 
an odd number of poles or a Buttenworth-type frequency response, and wherein input and output ports of the device 
have similar terminating impedances. In this case, a first one of the resonator components and an nth one of the reso- 
nator components may have similar layer stack thickness and resonant frequencies. However, these thicknesses and 

25 resonant frequencies may differ from those of other ones of the resonator conponents of the device, such as a second 
one and an (n-l)th one of the resonator components of the device, which both may have similar layer stack thicknesses 
and resonant frequencies, etc. In a Multi-pole BAWR-SCF device designed to provide 5 or 6 poles, for example, there 
may be three different frequencies at which the various resonators resonate. 

[0090] In accordance with another aspect of the invention, the SCFs of each Multi-pole BAWR-SCF circuit may be 
30 fabricated to have layer stacks having thicknesses that enable the SCFs to yield either a fundamental (series) resonant 
frequency or a second harmonic (series) resonant frequency at or near the "design" center frequency of the Multi-pole 
BAWR-SCF circuit. As can be appreciated, the layer stack thicknesses of the SCFs will differ in each case. This differ- 
ence in layer stack thicknesses is preferably provided by a difference in the thicknesses of the piezoelectric layers of the 
stacks, although the difference may also be provided by differences in the thicknesses of remaining ones of the layers 
3S of the stacks. Which one of these "layer thickness differences" is employed, however, may depend on various consid- 
erations, such as applicable design requirements, the relative ease of device fatyication for each case (e.g.. it is pre- 
ferred that device fabrication be as simple as possible), etc. 

[0091 ] Preferably, the Multi-pole BAWR-SCF devrces of the invention are constructed so that the SCFs yield a second 
harmonic resonance, rather than a fundamental resonance, at approximately the center frequency of the respective 

40 Multi-pole BAWR-SCF devices. This is because the Multi-pole BAWR-SCF devices are easier to fabricate in the case 
in which the SCFs yield the second harmonic resonance at approximately the center frequency of the respective 
devices. It should be noted that, if desired, the Multi-pole BAWR-SCF circuits may also be fabricated so that the SCFs 
exhibit other harmonic resonant frequencies, beskles the fundamental and second harmonic resonant frequencies, at 
approximately the "design" center frequency of the respective Multi-pole BAWR-SCF devices. 

45 [0092] In accordance with another aspect of this invention, it is prefen-ed that the Multi-pole BAWR-SCF devices be 
constructed in a manner so that a minimum number of vias are included in the structures of the respective devices. TTiis 
aspect of the invention, as well as the aspect of the invention relating to the operation of the SCFs at either the funda- 
mental resonant frequency or the second harmonic resonant frequency, are further described in comnfK)nly assigned 
U.S. patent application serial no.: 08/561 ,216. The disclosure of this U.S. patent application is incorporated by reference 

50 herein in its entirety. 

[0093] An embodiment of a Multi-pole BAWR-SCF device in accordance with this invention will now be described. 
Referring to Fig. 16a. a schematic diagram is shown of a circuit having a basic topology of a Multi-pole BAWR-SCF 
device constructed in accordance with the invention. The circuit, namely, a Mufti-pole BAWR-SCF circuit (or device) 1 . 
comprises BAW resonators (BAW1) and (BAW2), a Stacked Crystal Rlter 4, impedance inverting elements, which are 
ss embodied as capacitors C01 and C34. and inductors Lqi and L02. Preferably, the Multi-pole BAWR-SCF device 1 is a 
four port device, and includes ports (or nodes) (PI) and (P2), and ports (01) and (02). The ports (PI) and (P2) are. for 
example, 50 Ohm ports, and the ports (01) and (02) are also, for example. 50 ohm ports. The ports (P2) and (02) are 
preferably coupled to ground during use. 



17 



EP0949 756 A2 



[0094] In a preferred embodiment of the Mutti-pole BAWR-SCF device 1. the impedance inverting capacitor C01 is 
connected across ports (PI) and (P2). the impedance Inverting capacitor C34 is connected across the ports (01) and 
(02). the inductor Lqi is connected in parallel with the BAW resonator (BAW1). and the inductor L02 is connected in par- 
allel with the BAW resonator (BAW2). More particularly, a first terminal C01* of the impedance inverting capacitor C01 

5 is coupled to port (P2). and a second terminal C01" of the impedance inverting capacitor C01 is coupled to port (P1). 
A first terminal C34' of the impedance inverting capacitor C34 is coupled to port (02). and a second terminal C34" of 
the impedance inverting capacitor C34 is coupled to port (01). Also, an electrode 21a of the BAW resonator (BAW1) is 
coupled to the port (P1), and an electrode 21b of the BAW resonator (BAW1) is coupled to an electrode 4a of the SCF 
4. An electrode 4b of the SCF 4 is coupled to an electrode 21 a' of the BAW resonator (BAW2), and an electrode 20 of 

10 the SCF 4 is connected to a node (G1 ) (which is preferably coupled to ground during use). Moreover, an electrode 21b* 
of BAW resonator (BAW2) is coupled to the port (01). 

[0095] Fig. 16a also shows piezoelectric layers 21c and 21c' of BAW resonators (BAW1) and (BAW2), respectively, 
and piezoelectric layers 4c and 4d of the SCF 4. For convenience, other layers of the devices 4. (BAWI), and (BAW2), 
besides the electrodes and piezoelectric layers, are not shown in Fig. 16a. 

IS [0096] The Multi-pole BAWR-SCF circuit 1 is a three pole device, and has a lumped element equivalent circuit similar 
to the one shown in Fig. 16b. According to this invention, the equivalent parallel capacitances Co(scf) ^ 4> well 
as the components C01 and C34, function as impedance inverting elements, as can be appreciated in view of Fig. 16b. 
Being that the Multi-pole BAWR-SCF device 1 of the invention includes these equivalent parallel capacitances Co(scf)> 
and employs them as impedance inverting elements, rather than employing additional discrete component impedance 

20 inverting elements, such as the components CI 2 and C23 of the prior art filter 59 described above, the device 1 1s struc- 
turally less complex and more compact than this filter 59. 

[0097] The Multi-pole BAWR-SCF device 1 yields Improved frequency response characteristics relative to those 
yielded by. for example, the filter 59 of Fig. 13. For example, reference is now made to Rgs. 18a and 18b, which show 
an exemplary frequency response of the Multi-pole BAWR-SCF circuit 1 over frequency ranges of 400MHz-1 .2QHz and 

25 925MHz-970MHz, respectively. For this exemplary frequency response, it is assumed that 1) the device 1 is con- 
structed so as to yield a passband having a bandwidth of approximately 25 MHz and a center frequency of atx>ut 947.5 
MHz (these values are typically employed in GSM receiving band applications), 2) the SCF 4 is constructed so as to 
yield a second harmonic frequency at the center frequency of the passband of the device 1 , 3) the inductors Lqi and 
L02 each have an inductance value as shown in Table 5, 4) the capacitors CGI and C34 each have a capacitance value 

30 as shown in Table 5, 5) the individual BAW resonators (BAWI) and (BAW2) and the SCF 4 include layers having the 
materials and thicknesses shown in Table 5. and 6) the electrodes of the resonators (BAWI) and (BAW2), and the elec- 
trodes of the SCF 4. have areas as shown in Table 5. 



TABLE 5 





(BAW1), (BAW2) 


SCF 4 


Tuning Layer Si02 


62 nm 




Upper Electrode Au 




194 nm 


Upper Piezoelectric layer ZnO 




1604 nm 


Ground Electrode Au 


. 404 nm 


404 nm 


Lower Piezoelectric layer ZnO 


1604 nm 


1604 nm 


Lower Electrode Au 


192 nm 


192 nm 


Membrane Si02 


174 nm 


1 74 nm . 


Area of electrodes 


274 um* 274 um 


260 um* 230 um 


C01.C34 


5.03 pF 




Lo1,Lo2 


7.15 nH 





[0098] The degree of improvement of the frequency response characteristics of the Multi-pole BAWR-SCF device 1 
relative to ttie frequency response characteristics exhibited by the filter 59 of Fig. 13 (which, unlike the Multi-pole 
55 BAWR-SCF device 1 . does not include an SCF 4) can be seen by comparing Figs. 18a and 18b to Rgs. 14a and 14b 
(which show the frequency and passband response of the filter 59, assuming that the components of the filter 59 are 
constructed in accordance with the information from Table 3 described above). As can be appreciated in view of these 
Figures, the passband shapes yielded by the respective devices 1 and 59 are similar, but the level of stopband attenu- 
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ation provided by the device 1 at frequencies that are lower than the passband frequencies is substantially greater than 
that provided by the device 59 at similar frequencies, owing to the inclusion of the SCF 4 in the device 1. The level of 
out-of-band rejection provided by the device 1 is at least 27 dB. Another advantage provided by the device 1 of the 
invention is that tine device 1 includes a lesser number of inductors Lq^ and L02 than the filter 59 of Fig. 13. 
[0099] It should be noted that, depending on requirements for an application of interest, either of the pairs of ports 
(PI) and (P2) and (01) and (02) may be employed as input ports or output ports for the Multi-pole BAWR-SCF device 
1, since the transmission of energy within the Mufti-pole BAWR-SCF device 1 can be provided in either the direction 
from ports (PI) and (P2) to ports (01) and (02). or in the direction from ports (Ol) and (02) to ports (PI) and (P2). 
Being that energy may be transmitted within the Muttiisole BAWR-SCF device 1 in either direction, the device 1 func- 
tions similarly and yields the same performance characteristics (described above) in each case. 
[0100] Another embodiment of a MultiiX)le BAWR-SCF device in accordance with this invention will now be 
described. Referring to Fig. 1 7a, a schematic diagram is shown of a Multi-pole BAWR-SCF device (or circuit) 3 that is 
constructed in accordance with this embodiment of the invention. The device 3 conprises a BAW resonator (BAW1). 
Stacked Crystal Fitters 6 and 8, impedance inverting elements, which preferably Include capacttors CI 2 and C23. and 
an inductor Lq. Preferably, the Multi-pole BAWR-SCF device 3 is also a four port device, and includes ports (or nodes) 
(PI) and (P2), and ports (01) and (02). The ports (P1) and (P2) are, for example, 50 Ohm ports, and the ports (01) 
and (02) are also, for example. 50 ohm ports. The ports (P2) and (02) are preferably coupled to ground during use. 
[0101 ] In a preferred embodiment of the Multi-pole BAWR-SCF device 3, the SCF 6, the BAW resonator (BAW1). and 
the SCF 8 are connected in series. In the device 3. an electrode 6a of the SCF 6 is coupled to port (P1). a middle elec- 
trode 20 of the SCF 6 is coupled to a node (G1). and an electrode 6b of the SCF 6 is coupled to a node (11). Also, an 
electrode 8b of SCF 8 is coupled to port (01 ), a middle electrode 20 of the SCF 8 Is connected to a node (G4). and an 
electrode 8a of the SCF 8 is connected to a node (12). A terminal C12* of capacitor C12 is coupled to the node (II). and 
a terminal C12" of capacttor C12 is coupled to a node (G2). A terminal C23* of capacttor C23 is coupled to node (12), 
and terminal C23" of capacitor C23 is coupled to node (G3). The BAW resonator (BAW1) has an electrode 21a which 
is coupled to the node (11), and also has an electrode 21b which is coupled to node (12). Hence, the BAW resonator 
(BAW1 ) is coupled between the SCFs 6 and 8. Inductor Lq is connected in parallel with the BAW resonator (BAW1 ). The 
nodes (G1 )-(G4) are preferably coupled to ground during use. Like the device 1 described above, the Multi-pole BAWR- 
SCF circuit 3 is a three pole device. 

[0102] Fig. 1 7a also shows piezoelectric layers 6c and 6d of SCF 6, piezoelectric layers 8c and 8d of SCF 8. and a 
piezoelectric layer 21c of BAW resonator (BAW1). For convenience, other layers of the devices 6. 8, and (BAW1), 
besides the electrodes and piezoelectric layers, are not shown in Fig. 17a. 

[0103] In accordance with this invention, the equivalent parallel capacitances Cq(scf) <^ SC)F 4, as well as the 
components CI 2 and C23. function as impedance inverting elements, as can be appreciated in view of Fig. 17b^ which 
shows a lumped element equivalent circuit of the Multi-pole BAWR-SCF circuit 3. 

[0104] Figs. 19a and 1 9b show a frequency response of the Multi-pole BAWR-SCF circuit 3 over frequency ranges of 
400MHz to 1 .2GHz and 925MHz to 970MHz, respectively, for an exemplary case in which 1) the device 3 is constructed 
so as to yieM a passband having a bandwkith of approximately 25 MHz and a center frequency of about 947.5 MHz 
(these values are typically employed in GSM receiving band applications), 2) the SCFs 6 and 8 are constructed so as 
to yield a second harmonic frequency at the center frequency of the passband, 3) the inductor Lq has an inductance 
value as shown tn Table 6. 4) the capacitors C12 and C23 each have a capacitance value as shown in Tat>le 6. 5) the 
BAW resonator (BAW1) and the individual SCFs 6 and 8 include layers having the materials and thicknesses shown in 
Table 6. and 6) the electrodes of the BAW resonator (BAW1 ) and the SCFs 6 and 8 have areas as shown in Table 6. 



TABLE 6 





BAW1 


SCF 6. 8 


Tuning Layer Si02 




346 nm 


Upper Electrode Au 




296 nm 


Upper Piezoelectric layer ZnO 




2215 nm 


Ground Electrode Au 


192 nm 


192 nm 


Lower Piezoelectric layer ZnO 


2081 nm 


2081 nm 


Lower Electrode Au 


210 nm 


210 nm 


Membrane Si02 


191 nm 


191 nm 


Area 


397 um* 397 um 


287 um* 287 um 
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TABLE 6 (continued) 





BAW1 


SCF 6. 8 


CI 2. C23 


7.33 pF 




Lo 


3.74 nH 





[0105] The Multi-pole BAWR-SCF device 3 exhibits an improved frequency response relErtive to that yielded by, for 
example, the filter 56 of Fig. 15a (which; unlike the Multiisole BAWR-SCF device 3. does not Indude a BAW resonator 

10 (BAW1)), assuming that the components of the filter 56 are constructed in accordance with the information from Table 
4 shown above. This can be seen by comparing Figs. 19a and 19b. which show the frequency and passband response 
of the Multi-pole BAWR-SCF device 3. to Figs. 15b and 15c. which show the frequency and passband response of the 
filter 56. As can be appreciated in view of these Figures, the passband shapes yielded by the respective devices 3 and 
56 are similar. However, the Multi-pole BAWR-SCF device 3 provides better stopband attenuation characteristics than 

IS are provided by the device 56. especially at approximately the frequency (approximately 500MHz) of the fundamental 
resonances of the SCFs 6 and 8. The filter 56 yields a spurious response at approximately 640MHz. This spurious 
response is caused by parallel resonances of the shunt-connected inductors Lpi and Lp2 and the equivalent parallel 
capacitances (Cq) of the SCFs 57-59 of the filter 56. The Multi-pole BAWR-SCF device 3 of the invention, on the other 
hand, yields a spurious response at approximately 740MHz. This spurious response is caused by the series resonance 

20 of the BAW resonator (BAW1) in combination with the inductor Lq and the SCFs 6 and 8. wherein the inductor Lq is 
inductive at approximately 740MHz and the SCFs 6 and 8 are capacitive at this frequency. 

[01 06] In addition to having an improved frequency response relative to that of the filter 56. the Multi-pole BAWR-SCF 
device 3 of the invention has another advantage over the filter 56 in that the device 3 includes only a single discrete 
inductor Lq. The filter 56, in contrast, includes two discrete inductors, namely, inductors Lpi and Lp2. 

25 [01 07] It should be noted that in some applications wherein it is required that the device 3 yield even better frequency 
response characteristics, such as. e.g.. a reduced level of ripple, and/or where it is desired to provide an increased 
degree of component matching for the device 3. additional shunt inductor elements (not shown) may be included within 
the device 3, and may be coupled between the ports (PI) and (P2) and between the ports (Ol) and (01). 
[0108] As for the Multi-pole BAWR-SCF device 1 described at>ove. it should be noted that, depending on applicable 

30 performance criteria, either of the pairs of ports (P1 ) and (P2) and (Ol ) and (02) of Multi-pole BAWR-SCF device 3 may 
be employed as input ports or output ports, since the transmission of energy within the device 3 can be provided in 
either the direction from ports (P1) and (P2) to ports (01) and (02). or in the direction from ports (01) and (02) to ports 
(PI) and (P2). Being that energy may be transmitted within the MultiiX)le BAWR-SCF device 3 in either of these direc- 
tions, the device 3 functions similarly in each case and yields the same performance characteristics (described above) ^ 

35 in each case. 

[0109] The Multi-pole BAWR-SCF circuits 1 and 3 described above may be fabricated as monolithic integrated circuits 
or may each be fabricated to indude BAW resonator arKi SCF components that are formed on separate respective 
wafers. Also, and as was described above, the Multi-pole BAWR-SCF circuits 1 and 3 may include any of the various 
types of BAW resonators described above and shown in Figs. 1a-4a. and any of the various types of SCFs described 
40 above and shown in Figs. 5a-8a. For example, each BAW resonator and SCF may include "bridge"* structures (i.e.. one 
or more membrane layers) like the BAW resonator 20 of Fig. la and the SCF 20' of Fig. 5a. Also by example, each BAW 
resonator and SCF may be a solidly-mounted device (a device that includes an acoustic mirror) similar to tiie ones 
shown in Figs. 3a and 7a, respectively. 

[01 10] The employment of acoustic mirror structures in the BAW resonators and SCFs of the Multi-pole BAWR-SCF 
45 devices of the invention offers a number of advantages over the use of other types of structures (such as. by example, 
bridge structures) in tiie BAW resonator and SCF components of the Multi-pole BAWR-SCF devices. One advantage is 
that acoustic mirror devices are structurally more rugged than most other types of devices. Another advantage is that, 
in high power applications, any heat that may be generated due to tosses in the devices is conducted effidently to the 
substrates of the respective devices via the acoustic mirrors. 
50 [01 1 1 ] A further advantage of using acoustic mirror structures in the Mufti-pole BAWR-SCF circuits of the invention is 
that the acoustic mirrors can help to attenuate any unwanted harmonic responses that may be produced within the 
Multi-pole BAWR-SCF devices. This may be further understood in view of the following example. In this example, it is 
assumed that in the Multi-pole BAWR-SCF devices described above, the piezoelectric layers of each SCF each have a 
thickness that is equal to the thickness of the individual piezoelectric layer of the respective BAW resonators, and that, 
55 as a result, each SCF exhibits a second harmonic resonance at a center frequency of the Multi-pole BAWR-SCF 
device. It is also assumed that the BAW resonators and the SCFs of the Multi-pole BAWR-SCF devices include acoustic 
mirror layers, and that each acoustic mirror layer has a tiiickness of one-quarter wavelength (e.g. X/4) at the center fre- 
quency of the respective Multi-pole BAWR-SCF device. In this case, each SCF exhibits a fundamental resonance at a 
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frequency which is approximately equal to one*half of the center frequency of the Multi-pole BAWR-SCF device, and 
thus may cause a spurious response at this frequency. At the fundamental resonant frequency of the SCF. the thickness 
of each acoustic mirror layer is X/B. As can be appreciated by those skilled in the art, at this frequency the amount of 
acoustic energy which is reflected back towards the bottom piezoelectric layer of the SCF by the interface between the 

5 top layer of the acoustic mirror and the lower electrode of the SCF is small. As a result, the spurious response of the 
SCF at its fundamental resonant frequency becomes attenuated. It should be noted that in cases in which a MultiiX)le 
BAWR-SCF device is fabricated so as to include "bridge" type strictures instead of acoustic mirror structures, external 
matching circuitry may be employed to attenuate any spurious resportses that may occur at the fundamental resonant 
frequency of the SCF, although at least some attenuation is also provided by the BAW resonators of the Multi-pole 

10 BAWR-SCF device. 

[0112] As another example, it is assumed that each piezoelectric layer of the SCF has a thickness which is equal to 
one-half of the thickness of each individual piezoelectric layer of the BAW resonators, and that, as a result, the SCF 
exhibits a fundamental resonance at the center frequency of the Multi-pole BAWR-SCF circuit. In this case, harmonic 
resonances of the SCF and the BAW resonators of the Multi-pole BAWR-SCF circuit may cause spurious responses. 

IS although no spurious responses can occur at frequencies that are lower than the Multi-pole BAWR-SCF circuit's center 
frequency. By example, spurious responses may occur at the second harmonic resonant frequencies of the SCF and 
the BAW resonators. At the second harmonic resonant frequency of the SCF, the acoustic mirror layers of the SCF have 
a thickness which is equal to A/2 and no impedance transformation of the substrate of the device occurs at the interface 
between the top acoustic mirror layer and the lower electrode. As a result, acoustic energy is not reflected by this inter- 
na face away from the substrate and back towards the piezoelectric layers, but is instead propagated to the substrate. This 
causes the spurious response of the SCF at its second harmonic resonant frequency to become attenuated. 
[01 1 3] Another aspect of the invention will now be described. The inductive elements Lq, Lqi . and L02 of the devices 
1 and 3 described above may each include any suitable type of inductive device, such as, by example, a spiral-shaped 
coil. Also, the impedance inverting capacitor elements C01 , C34, C12. and C23 of the devices 1 and 3 may include any 

25 suitable type of capacitor device for providing impedance inversion, such as, by example, a microstripline or a lumped 
element capacitor. The inductive elements Lq. Lqi . and L02, and the impedance inverting elements C01 , C34, C12, and 
C23, of the devices 1 and 3 may be fabricated on a same substrate as the BAW resonators and SCF devices included 
in these respective devices 1 and 3. Also, in cases wherein it is required that these devices 1 arxi 3 be packaged, it is 
preferable that the various inductive tuning elements and impedance inverting elements of the respective devices 1 and 

30 3 be fabricated on a package substrate. By example. Fig. 20a shows a perspective view of a structure 1 00* that includes 
a suk}strate 100 (which may be comprised of, e.g., Si, GaAs, glass, or a ceramic material) having the inductive elements 
L01 and L02 impedance inverting elements C01 and C34 mounted thereon. The structure 101* represents a struc- 
tural portion of the multi-pole BAWR-SCF device 1 described above. The substrate 100 is shown in Fig. 20a as having 
been rotated 180 degrees about an axis (z) (i.e., the subsb'ate 10 is shown as being viewed from a perspective looking 

35 down on a rear portion of the substrate 100). and a rear surface and two side surfaces are assumed to be removed. 
[01 14] Preferably, the inductive elements Lq^ and L02 include spiral coils, and are optimized during fabrication for pro- 
viding low loss levels and high Q values. The impedance inverting elements C01 and C34 preferably include lumped 
element capacitors. As can be seen in view of Fig. 20a, witiiin the structure 100* the inductive element Lq^ is coupled . 
at one end thereof to terminal C01 '* of impedance inverting element C01 through a contact pad 100a. and the Inductive 

40 element L02 is coupled at one end thereof to terminal C34" of the impedance inverting element C34 through a contact 
pad lOOd. Contacts 101a and 101d are also shown as being coupled to the contact pads 100a and 100d. respectively. 
Moreover, solder bumps (SB1-SB4) are provided underneath respective contact pads lOOa-IOOd for coupling the vari- 
ous components Lq^ Log* ^1 * ^34 to components of another device portion, as will be described below in relation 
to Fig. 20c. Terminals C01 ' and C34' of respective impedance inverting elements C01 and C34 are coupled to a solder 

45 ring (SR), which is disposed near a perimeter of tiie substrate 1 00. as can be appreciated in view of Fig. 20a. Also, con- 
tacts 101b, 101c, lOle, and lOlf ai^e provided for connecting the structure 100* to ground. The contacts 101b and 101c 
represent tfie ports (P2) and (02). respectively, of the device 1 described above. Also, tiie contacts 101a and lOld rep- 
resent the ports (PI) and (01). respectively, of the device 1 descn'bed above. These contacts 101a and lOld are pro- 
vided for enabling tiie structure 100* to be coupled to external circuitry. The contacts 101a-101f are preferably included 

50 within vias (not shown in Rg. 20a) of the structure 1 00'. The various electrical components of the structure 1 00' are pref- 
erat)ly fabricated on the sidsstrate 100. 

[0115] Fig. 20b shows a structure 100" which represents another structural portion of the multi-pole BAWR-SCF 
device 1 described above. The structure 100** includes a sutsstrate 103, which may be comprised of a similar material 
as the substrate 100 of the structural portion 100*. although in other embodiments the substrate 103 may include a dif- 
55 f erent suitable material than is included in suksstrate 1 00. In a prefenred en4)odiment of the invention, the materials form- 
ing tiie substrates 100 and 103 have similar or neariy similar coefficients of thermal expansion so tiiat when the 
structures 100" and 100* are joined together and soldered, solder joints do not experience a substantial amount of 
mechanical stress that may occur when tiie combined structures are exposed to substantial variations In environmental 
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temperatura 

[01 1 6] The device 1 00" also includes BAW resonators (BAW1 ) and (BAW2), SCF 4. contact pads (CP1 -CP4). and a 
solder ring 102. Electrode 4a of SCF 4 Is coupled to electrode 21b of the BAW resonator (BAW1) through the contact 
pad (CP2), and electrode 4b of the SCF 4 is coupled to electrode 21a' of BAW resonator (BAW2) through the contact 

5 pad (CP3). Electrode 20 of SCF 4 is coupled to the solder ring 102. Electrodes 21a and 21b' of the respective BAW 
resonators (BAW1) and (BAW2) are coupled to the respective contact pads (CP1) and (CP4). As for the solder ring (SR) 
of the structure 1 00* of Fig. 20a, the solder ring 1 02 Is disposed near a perimeter of the substrate 1 03, as can be appre- 
ciated in view of Rg. 20b. The contact pads (CP1-CP4) are for being coupled to the solder bumps (SB1-SB4), respec- 
tively, of the structure 100* described above. 

10 [0117] Refen-ing to Fig. 20c. in accordance with the invention the structures 100* and 100" are coupled together to 
form a device 100"' (which represents a structure of the Multi-pole BAWR-SCF device 1 described above). Preferably, 
the structures 100' and 100" are coupled together using flip-chip technology The structures 100' and 100" are prefera- 
bly coupled together in a manner so that the solder ring (SR) of the structure 100' is coupled (e.g., by soldering) to the 
solder ring 1 02 of the stnicture 1 00", and so that the solder bumps (SB1 -SB4) of the structure 1 00' are coupled to the 

IS contact pads (CP1-CP4), respectively, of the structure 100**. This manner of coupling the structures 100' and 100** 
results in the inductive elements Lot and L02 being connected in parallel with the BAW resonators (BAW1) and (BAW2), 
respectively and also results in the impedance inverting elements C01 and C34 being coupled at respective terminals 
C01" and C34" thereof to respective terminals 21a and 21b' of respective BAW resonators (BAW1) and (BAW2). The 
various component interconnections of the coupled structures 100' and 100" are similar to those shown in Fig. 16a. 

20 Also, it should be noted that, for convenience, not all of the layers of the various BAW resonator and SCF devices are 
shown in Figs. 20a-20c, since these devices are assumed to be similar to those described above. 
[01 18] As can be appreciated in view of Fig. 20c. because the inductive elements Lqi and Lo2 are preferably embodied 
as spiral-shaped coils within the device 100'**. these elements Lqi and L02 are disposed above the respective BAW res- 
onators (BAW1) and (BAW2). Also, the components C01 and C34 are each disposed in a plane this is above the 

25 respective BAW resonators (BAW1 ) and (BAW2). These features enable the device 1 00"' to have a more compact over- 
all construction relative to, by example, a semiconductor device having electrical components that are positioned adja- 
cent to one another on a substrate surface. Also, it should be noted that in addition to providing grounding while the 
connectors 101b. 101c. lOle, and lOlf are coupled to an external ground, the solder rings (SR) and 102. along with 
the components 100 and 103. provide a hermetic seal for protecting the various electrical components of the device 

30 100*" from coming into contact with, by example, external contaminants. 

[0119] As an example, reference is new made to Figs. 21a-21c, wherein structures 1 16. 117 and 1 18 are shown (in 
a side view). These structures 1 1 6. 1 1 7 and 1 1 8 are somewhat similar to the respective structures 100*. 100** and 100'" 
described above, although for convenience, various ones of the electrical components (e.g.. inductors) described akxyve 
are not shown in Figs. 2 1 a-21 c. 

35 [0120] The structure 1 16 is shown to include a substrate 1 1 9, a contact 105 that is disposed within a via of the sub- 
strate 1 1 9. a capacitor 1 1 2 that includes layers 1 08, 1 1 0, and 111, and a solder bump 1 09 that is coupled to the layer 
1 08. An electrically conductive layer 1 06' is coupled to contact 1 05. and a solder bump 1 07* is coupled to the layer 1 06*. 
The structure 116 also includes electrically conductive layer 106 and a solder bump 1 07 that is coupled to the layer 1 06. 
The components 106. 107, 106' and 107 form a solder ring structure for the structure 1 16. 

40 [0121] The structure 1 1 7 of Fig. 21b is shown to include electrically conductive layers 1 1 3 (which form a solder ring 
for the structure 1 17), a substrate 120. and a BAW resonator (BAW4) that includes layers 1 14, 1 15 and 1 16. 
[0122] The structure 1 18 of Fig. 21c shows the structures 116 and 1 1 7 coupled together. In particular, the compo- 
nents 107' and 107 of structure 1 16 are coupled to the layers 1 13 of the structure 1 17. As can be appreciated in view 
of Rg. 21c. the components 119, 120, 106', 107', 113, 106. and 107 of the structure 118 collectively sun'ound and 

45 enclose an area of structure 118 that includes the electrical components 109. 116. 1 12. and (BAW4). As a result, these 
electrical components 109, 1 16. 1 12. and (BAW4) are protected from coming into contact with external environmental 
contaminants. In a similar nfianner. the solder rings (SR) and 102. in conjunction with structures 100 and 103. protect 
the various electrical components (e g., contact pads (CP1 -CP4). BAW resonators (BAW1) and (BAW2), SCF 4. induc- 
tors L01 and Lo2> ate.) of the device 100"' (described above) from coming into contact with external environmental con- 

50 taminants. 

[01 23] Referring again to Fig. 20c, the construction of the device 1 00'" offers a number of advantages. One advantage 
is that any suitable material may be included in the sut>strate 1 00 of the structure 1 00' for enabling the passive compo- 
nents of the structure 100' to provide optimum performance. An Inexpensive material may be employed for substrate 
100 to reduce the overall fabrication costs for the device 100*". Also, the configuration of the device 100'" provides for 
55 an efficient utilization of the device's surface areas, and, as was previously described, the solder rings (SR). (102) in 
conjunction with the substrates 100 and 1 03. provide a hermetic seal wherein electa'ical components of the device 1 00"' 
are protected from coming into contact with environmental contaminants, such as dust, humidity, etc. Because the 
device 100*" protects the electrical components in this manner, no external protective packaging (e.g.. such as ceramic 
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packaging, which is more expensive and does not include £my passive components) is required. Also, the solder bumps 
(SB1 -SB4) and solder ring (SR) preferably have thicknesses (such as 30 um to 200 urn) that are similar to those of sol- 
der bumps typically employed in flip-chip technology, and are of greater thicknesses than the resonators (which prefer- 
ably have overall thicknesses of only a few miaons to 10 um) included in the device 100'*', enabling coupling to be 
5 provided during flip-chipping, and further enabling the inductive elements Lqi and L02 to be positioned above the BAW 
resonators (BAW1) and (BAW2). 

[01 24] Each of the various Multi-pole BAWR-SCF devices of the invention described above can be operated over fre- 
quencies ranging from approximately 500 Mhz to 5 Ghz. Preferably, the Multi-pole BAWR-SCF devices operate in the 
longitudinal nrrode since this altows for easier febrlcation of the piezoelectric layers of the devices. In the longitudinal 

10 mode, axes of crystals within piezoelectric layers of the devices (i.e.. the piezoelectric layers include polycrystalline, and 
are preferably sputter deposited) are substantially perpendicular to upper (and lower) surfaces of the piezoelectric lay- 
ers (and to upper and lower surfaces of other layers of the devices). However. In other embodiments the Multi-pole 
BAWR-SCF devices can be operated in a shear mode if the layer dimensions are chosen appropriately. In the shear 
mode, axes of crystals within the piezoelectric layers are sut>stantially parallel to the upper and lower layer surteces of 

IS the devices. 

[01 25] It should be noted that the invention is not intended to be limited to the Multi-pole BAWR-SCF circuits having 
the topologies described above, and that Multi-pole BAWR-SCF devices having other topologies may also be provided. 
By example, depending on applicable performance criteria. Multi-pole BAWR-SCF circuits may be provided which 
include additional BAW resonators and/or SCFs. It should be noted, however, that Multi-pole BAWR-SCF devices hav- 

20 ing lesser resonator component (e.g., BAW resonators and SCFs) areas have lesser levels of insertion loss than do 
Multi-pole BAWR-SCF devices that have greater resonator component areas. Also, the dimensions of the BAW resona- 
tors and the SCFs described In the Tables above are intended to be exemplary in natjre, and the BAW resonators and 
SCFs may be provided with other suitable dimensions that cause desired frequency response characteristics (e.g., 
passband bandwidth, center frequency, insertion loss level, etc.) to be provided. 

2S [01 26] While the invention has been particulariy shown and described with respect to preferred embodiments thereof, 
it will be understood by those skilled in the art that changes in form and details may be made therein without departing 
from the scope and spirit of tiie invention. 

[0127] The present invention includes any novel feature or combination of features disclosed herein either explicitiy 
or any generalisation thereof irrespective of whether or not it relates to the claimed invention or mitigates any or all of 
30 the problems addressed. 

Claims 

1. A Multi-pole Bulk Acoustic Wave (BAW) filter, comprising: 

3S 

a first pair of ports; 
a second pair of ports; 

40 a first lead coupled between a first and a second one of said first pair of ports; 

a second lead coupled between a f and a second one of said second pair of ports; 
at least one BAW resonator coupled in series in said first lead; 

at least a first Stacked Crystal Filter (SCF), said first SCF having first and second terminals coupled in said first 
lead, said first SCF also having a third terminal coupled in saki second lead; 

a plurality of impedance inverting elements, each indivklual one of sakJ plurality of impedance inverting ele- 
so ments being coupled across said first and second leads; and 

at least one inductive element, said at least one inductive element being coupled in parallel with sakl at least 
one BAW resonator, wherein said Multi-pole BAW filter yiekis a passband response having a center frequency 
fc. 

ss 

2. A Multi-pole BAW filter as set forth in claim 1 . wherein said at least one BAW resonator includes a first BAW reso- 
nator and a second BAW resonator, said impedance inverting elements include a first impedance inverting element 
and a second impedarKse inverting element, arxl said at least one Inductive element includes a first inductive ele- 
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ment and a second inductive element, wherein each of said first BAW resonator and said first impedance inverting 
element has a respective first terminal coupled to said first port of said first pair of ports, said first BAW resonator 
also having a second terminal coupled to said first terminal of said first SCF. said second BAW resonator having a 
first terminal coupled to said second terminal of said first SCF, said second BAW resonator also having a second 
5 terminal coupled to said second port of said first pair of ports, said second impedance inverting element having a 
first terminal coupled to said second port of said first pair of ports, said first inductive element being connected in 
parallel with said first BAW resonator, and wherein said second Inductive element is connected in parallel with said 
second BAW resonator. 

10 3. A MuttiiX>le BAW filter as set forth in claim 2. wherein said first inductive element has a first end coupled to said 
first port of said first pair of ports, said first inductive element also having a second end coupled in said first lead 
between said second terminal of said first BAW resonator and said first terminal of said first SCF. said second 
inductive element having a respective first end coupled in said first lead between said second terminal of said first 
SCF and said first terminal of said second BAW resonator, said second inductive element also having a respective 

IS second end coupled to said second port of said first pair of ports, wherein said first impedance inverting element 
has a second terminal coupled to said first one of said second pair of ports, and wherein said second impedance 
inverting element has a second terminal coupled to said second one of said second pair of ports. 

4. A Multi-pole BAW filter as set forth in claim 2 or 3. wherein said first SCF has equivalent parallel capacitances which 
20 function as further impedance inverting elements. 

5. A Multi-pole BAW filter as set forth in any preceding claim, wherein said first terminal of said first SCF is coupled to 
said first port of said first pair of ports, said third terminal of said first SCF is coupled to a first node in said second 
lead, said second terminal of said first SCF is coupled to a first terminal of said at least one BAW resonator, wherein 

25 said Multi-pole BAW filter further comprises a second SCF. said second SCF having a first terminal coupled to a 
second terminal of said at least one BAW resonator, said second SCF having a second terminal coupled to said 
second port of said first pair of ports, said second SCF also having a third terminal coupled to a second node in 
said second lead, wherein said at least one impedance inverting element includes a first impedance inverting ele- 
ment and a second impedance inverting element said first impedance inverting element having a first terminal cou- 

30 pled in said first lead between said second terminal of said first SCF and said first ternrtinal of said at least one BAW 
resonator, said second Impedance inverting element having a first terminal coupled in said first lead between said 
second terminal of said at least one BAW resonator and said first terminal of said second SCF. 

6. A Multi-pole BAW filter as set forth in claim 5. wherein said at least one inductive element has a first end coupled 
35 in said first lead between said second terminal of said first SCF and said first terminal of said at least one BAW res- 
onator, said at least one inductive element also having a second end coupled in said first lead between said second 
terminal of said at least one BAW resonator and said first terminal of said second SCF, wherein said first imped- 
ance inverting element has a second terminal coupled to a third node in said second lead, said tiiird node being 
interposed between said first and second nodes, and wherein said second inpedance inverting element has a sec- 

40 ond terminal coupled in said second lead between said third node and said second node. 

7. A Multi-pole BAW filter as set forth in claim 5 or 6. wherein each of said first and second SCFs have equivalent par- 
allel capacitances which function as further impedance inverting elements. 

45 8. A Multi-pole BAW filter as set forth in any preceding claim, wherein said first SCF is tuned to yield a second har- 
monic resonance at a firequency which is approximately equal to said center frequency fc. 

9. A Multi-pole BAW filter as set forth in any preceding claim, wherein each of said at least one BAW resonator and 
said first SCF includes an acoustic minor structure. 

so 

10. A Multi-pole BAW filter as set forth in any preceding daim, wherein said first SCF has equivalent parallel capaci- 
tances which function as impedance inverting components. 

1 1 . A Multi-pole BAW filter as set forth in any preceding claim, wherein said at least one inductive element yields a res- 
55 onance at the center frequency fc of the Multi-pole BAW filter, and functions to cause the passband response to 

have an increased bandwidth relative to a passband bandwidth of a filter that does not include the at least one 
inductive element. 
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12. A Mutti-pole BAW filter as set forth in any preceding daim, wherein each of said plurality of impedance inverting 
elements includes a capacitor 

13. A Bulk Acoustic Wave (BAW) filter, comprising: 

5 

a first substrate; 

a first conductive layer disposed on said first substrate; 
10 a first contact pad disposed on said first substrate; 

a second contact pad disposed on said first substrate; 

at least one BAW resonator disposed on said first substrate, said at least one BAW resonator being serially 
IS coupled between said first and second contact pads; 

at least one Stacked Crystal Filter (SCF) disposed on said first substrate, said at least one SCF being serially 
coupled between said first and second contact pads, said at least one SCF having a first terminal coupled to 
said first conductive layer; 

20 

a second substrate; 

a second conductive layer disposed on said second substrate and being coupled to said first conductive layer; 

25 at least one inductor disposed on said second substrate, said at least one inductor being coupled in parallel 

with said at least one BAW resonator; and 

at least one impedance, inverting element disposed on said second substrate, said at least one inpedance 
inverting element having a first terminal serially coupled between said first and second contact pads, said at 
30 least one impedance inverting element also having a second terminal coupled to said second conductive layer. 

14. A BAW filter as set forth in daim 13. wherein said second sutsstrate is disposed over said first substrate. 

15. A BAW filter as set forth in claim 1 3 or 1 4, wherein said at least one BAW resonator indudes a first BAW resonator 
35 and a second BAW resonator, said at least one impedance inverting element indudes a first impedance inverting 

element and a second impedance inverting element, and said at least one inductor indudes a first irxituctor and a 
second inductor, wherein each of said first BAW resonator and said first impedance inverting element has a respec- 
tive first terminal coupled to said first contact pad. said first BAW resonator also having a second terminal coupled 
to a second terminal of said at least one SCF. said second BAW resonator having a first terminal coupled to a third 
40 terminal of said at least one SCF. said second BAW resonator also having a second terminal coupled to said sec- 
ond contact pad. said second impedance inverting element having a first terminal coupled to said second contact 
pad. said first inductor being connected in parallel with said first BAW resonator, and wher^n said second inductor 
is connected in parallel with said second BAW resonator. 

45 16. A BAW filter as set forth in claims 13 to 15. wherein said at least one Impedance inverting element indudes a 
capadtor. 

1 7. A BAW filter as set forth in daims 1 3 to 1 6. and further comprising a plurality of electrically conductive contacts cou- 
pled to said second conductive layer, said plurality of contacts for coupling said second conductive layer to ground, 

50 and wherein said first and second contact pads are for being coupled to external circuitry 

18. A BAW filter as set forth in claims 13 to 17, wherein said first conductive layer at least partially surrounds said first 
contact pad. said second contact pad. said at least one BAW resonator, and said at least one SCR 

55 19. A BAW filter as set forth in claims 13 to 18, wherein said second conductive layer at least partially surrounds said 
at least one inductor and said at least one impedance inverting element. 

20. A BAW filter as set forth in daims 13 to 19. wherein said first and second conductive layers and said first and sec- 
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ond substrates prevent environmental contaminants from coming into contact with said at least one 6AW resonator, 
said at least one SCF. said first and second contact pads, said at least one inductor, and said at least one imped- 
ance inverting element 

5 21 . A BAW filter as set forth in claims 1 3 to 20. wherein said at least one inductor Is coupled to said at lea^ one BAW 
resonator through solder bumps. 

22. A BAW filter as set forth in claims 13 to 21 , wherein at least one of said first and second substrates comprises one 
of Si. GaAs. glass, or a ceramic material. 

70 

23. A BAW filter as set forth in claims 1 5 to 22. wherein at least a portion of the first inductor is situated above said first 
BAW resonator, and at least a portion of the second inductor is situated above said second BAW resonator. 

24. A BAW filter as set forth In claim 23, wherein the first impedance inverting element is disposed In a plane that is 
IS above a plane in which said first BAW resonstor is disposed, and the second impedance inverting element is dis- 
posed in a plane that is at)ove a plane in which said second BAW resonator is disposed. 

25. A BAW filter as set forth in claims 13 to 24. wherein the at least one inductor includes a spiral coil. 
20 26. A Bulk Acoustic Wave (BAW) fitter, comprising: 

a first sutjstrate; 

a first corKluctive layer disposed on said first substrate; 

25 

a first contact pad disposed on said first sut)strate; 

a second contact pad disposed on said first sidastrate; 

30 at least one BAW resonator disposed on said first substrate, said at least one BAW resonator being serially 

coupled between said first and second contact pads; and 

at least one Stacked Crystal Filter (SCF) disposed on said first substrate, said at least one SCF being serially 
coupled t^tween said first and second contact pads, said at least one SCF also having a first terminal coupled 
35 to said first conductive layer. 

27. A Bulk Acoustic \A^e (BAW) filter as set forth in claim 26, and further comprising: 

a second substrate; 

40 

a second conductive layer disposed on saki second substrate and being coupled to said first conductive layer; 

at least one inductor disposed on said second substrate, said at least one inductor being coupled in parallel 
with said at least one BAW resonator; and 

45 

at least one impedance inverting element disposed on sakJ second substrate, said at least one impedance 
inverting element having a first terminal serially coupled between said first and second contact pads, said at 
least one impedance inverting element also having a second terminal coupled to said second conductive layer. 

50 28. A Bulk Acoustic Wave (BAW) filter, comprising: 

afirstsut>strate; 

a first conductive layer disposed on said first substrate: 

55 

a plurality of inductors disposed on said first sut>strate, each of said inductors having respective first and sec- 
ond terminal ends; and 
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a plurality of impedance inverting elements disposed on said first substrate, each of said impedance inverting 
elements having respective first and second terminals, wherein the first terminal of each respective one of the 
impedance Inverting elements is coupled to the first terminal end of a respective one of the inductors, and 
wherein the second terminal of each impedance inverting element is coupled to the first conductive layer. 

29. A Bulk Acoustic Wave (BAW) filter as set forth in claim 28, and further comprising: 

a first plurality of electrical contacts, individual ones of said first plurality of electrical contacts being coupled to 
tiie second terminal end of respective ones of the inductors; 

a second plurality of electrical contacts, individual ones of said second plurality of electi'ical contacts being cou- 
pled to tiie first terminal end of a respective one of the inductors and to the first terminal of a respective one of 
tiie impedance inverting elements: and 

a third plurality of electaical contacts, individual ones of said third plurality of electrical contacts being coupled 
to said first conductive layer. 

30. A Bulk Acoustic Wave (BAW) filter as set forth in claim 28 or 29, and further comprising: 

a second substrate; 

a second conductive layer disposed on said second sut)strate; 
a plurality of contact pads disposed on said second substrate: 

a plurality of BAW resonators disposed on said second substrate, each of said BAW resonators being serially 
coupled between said contact pads, each of said BAW resonators also being coupled to the second terminal 
end of a respective one of said inductors: and 

at least one Stacked Crystal Filter (SCF) disposed on said second substrate, said at least one SCF being seri- 
ally coupled between said contact pads, said at least one SCF also having a first terminal coupled to said sec- 
ond conductive layer, wherein individual ones of the contact pads are coupled to tiie first terminal of a 
respective one of the impedance inverting elements and to the first terminal end of a respective one of the 

inductors. 

31. A Bulk Acoustic Wave (BAW) filter as set forth in claim 30. and further comprising: 

a first plurality of electrical contacts, each of said f iist plurality of electrical contacts being coupled between tiie 
second terminal end a respective one of the inductors and a respective one of said BAW resonators; 

a second plurality of electrical contacts, each of said second plurality of electi-ical contacts coupling the first ter- 
minal end of a respective one of tiie inductors and the first terminal of a respective one of the impedance invert- 
ing elements, to a respective one of the contact pads; and 

a third plurality of electrical contacts, individual ones of said third plurality of electrical contacts being coupled 
to said first conductive layer for being coupled to ground. 

32. A Bulk Acoustic Wave (BAW) filter as set forth in claim 31, wherein the first plurality of electrical contacts have 
greater thicknesses tiian thicknesses of the BAW resonators. 

33. A Bulk Acoustic Wave (BAW) filter as set forth in daim 31 or 32. wherein individual ones of the inductors are situ- 
ated above the respective ones of the BAW resonators to which the inductors are coupled. 

34. A Multi-pole Bulk Acoustic Wave (BAW) filter, comprising: 

a first pair of ports; 
a second pair of |3orts; 
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at least one BAW resonator coupled between said first pair of ports; 

at least one Stacked Crystal Filter (SCF) coupled between said first pair of ports, said at least one SCF having 
a terminal coupled between said second pair of ports, said at least one SCF also having at least one lumped 
element equivalent component: 

at least one impedance inversion means, each of said at least one impedance inversion means having a first 
end coupled between said first pair of ports and a second end coupled between said second pair of ports; and 

at least one tuning element, said at feast one tuning element being coupled in parallel with said at least one 
BAW resonator, said at least one tuning element yielding a resonance at approximately a center frequency fc 
of the Multi-pole BAW filter for causing a passband of the Multi-pole BAW filter to have an increased bandwidth 
relative to a passband bandwidth of another filter that does not include the at least one tuning element; 
wherein said at least one lumped element equivalent component and said at least one impedance inversion 
means function to transform a terminating impedance of said Multi-pole (BAW) filter from a first impedance to 
a second impedance. 

35. A Multi-pole BAW filter as set forth in claim 34, wherein the Multi-pole BAW filter includes a reduced number of 
impedance inversion means and tuning elements relative to the number of such components included in the 
anotiier filter 
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